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Accuracy: Ratio of highest deviation of a value represented by the sensor to the ideal value.  
Axial Thrust: Force induced in the direction of an axis, in this case the shaft. 
Calibration: Setting a sensor output to a precise and accurate known input. 
DAQ: Data Acquisition System - computer dedicated to capturing the data from sensors and 
controlling the components of the system. 
Dynamic Torque: Torque induced in the presence of angular acceleration, such as the changing of 
rotation speeds. 
Hydrodynamic Feature: Laser etching on one or both seal components on the seal interface 
designed to cause fluid in the interface to behave in a peculiar way, often causing lift. 
Hysteresis: Sensor characteristic of faithful repetition of output data in both directions of operation.  
Lateral Thrust: Force induced in an outward direction from a shaft. 
Leakage: Fluid that escapes through the mechanical seal interface. 
Linearity: Used in sensor specifications - defined by the output being directly proportional to the 
input, and the outcome resulting in a straight line. 
Mechanical Seal: Subsystems implemented within machines with rotating shafts, such as pumps and 
compressors, in order to minimize leakage where the shaft exits the housing. 
Range: Area of variation between the upper and lower limits on a particular scale.  
Resolution: Smallest range detectable by a sensor. 
Response: Time taken to approach true output when subjected to a step input.  
Rotor Seal: Seal component rotating with the shaft, coincident with the stator seal. 
Seal Interface: Area in which the stator seal and rotor seal touch. 
Static Torque: Torque induced without the presence of angular acceleration, both at zero rotation as 
well as constant rotation. 
Stator Seal: Seal component pinned so as to restrict movement; is coincident with the rotor seal.  
Strain Gauge: A device for indicating the strain of a material or structure at the point of attachment. 
Telemetry: The wireless transmission and reception of measured quantities in order to remotely 
monitor system parameters. 
Torque: Force induced by a moment about an object. 
Zero: Datum point. 





This report contains detailed information for the successful completion of the Flowserve Mechanical 
Seal Torque Testing Assembly. The purpose of this project was to design a testing system to measure 
the torque occurring between mechanical seals within a pump rated at 200 psi and 70oF. The new 
assembly would replace the current system while reducing hysteresis and increasing accuracy in the 
measurement. Additionally, the system needed to include a motor that would drive a shaft at variable 
speeds up to 3600 RPM, and a system for capturing the leakage from the pressure vessel.  
 
Component information  
The final assembly employs a rotating digital telemetry collar fastened to a custom-designed coupling 
with titanium bars and strain gauges adhered to thin sections that experience torque due to friction at 
the seal interface. The coupling spans the joining of two shafts, one of which is fit over the other like 
a sleeve. Internal bearings reduce the parasitic loading effects from the pressure vessel. The torque 
measurement from the strain gauges is sent to a transmitter via antenna, and is then sent to a DAQ 
system. The leakage system outputs the rate of fluid leakage to the DAQ as well.  
 
Cost Summary  
Expenditure Amount
Purchased parts, Outsourced labor $ 20,738.26  
Flowserve Costs $ 48,378.22  
Leakage Detection $ 451.79  
Cal Poly Calibration Tester Mechanism $ 82.20  
Travel  $ 850.00  
Total Cost  $ 70,500.47
Testing and Analysis  
Below is the summarized data from testing. The torque output of our system was measured at 
various pressures and speeds. The torque deviation from average shows the difference in torque 
from the average value based on a given pressure and speed.  
 
Seal Chamber Pressure Speed Torque Deviation from Average  
50 psi 
1500 RPM 0.179 in-lb
2500 RPM 0.327 in-lb
3500 RPM 0.220 in-lb
100 psi 
1500 RPM 0.275 in-lb
2500 RPM 0.422 in-lb
3500 RPM 0.222 in-lb
150 psi  
1500 RPM 0.569 in-lb
2500 RPM 1.440 in-lb
3500 RPM 0.184 in-lb
200 psi 
1500 RPM 1.087 in-lb
2500 RPM 0.217 in-lb
3500 RPM 0.459 in-lb
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Introduction	
Flowserve Corporation provides products and customer support to companies in the process industry for the 
design, testing, and manufacturing of mechanical seals. This includes, but is not limited to, companies 
concerned with power generation, fossil fuels, water resources, and chemical processing. In industries where 
fluid transportation is leveraged, mechanical seals have been utilized in pumps to increase performance. A 
mechanical seal is a design feature in pumps that seal the impeller housing and allow for little to no leakage. 
This technology is cutting edge and a considerable amount of research pertaining to the advantageous effects 
of specialized surface features is being pursued in order to enhance the performance characteristics of 
Flowserve’s mechanical seals. The purpose of the project detailed in this report is to further advance the 
technology associated with the micro features on the seal surface.  
As a result of research and communication with Flowserve, the desired result of this project is to provide a 
more refined testing system in order to advance Flowserve’s pursuit to design state of the art mechanical 
seals. The life of a mechanical seal is greatly determined by the amount of torque at the seal interface; 
therefore, the primary goal of this project will be creating the best method for torque measurement. The 
existing testing system at Flowserve’s facility is sufficient for measuring the torque at the seal interface. 
However, improvements of the testing system will yield more accurate measurements and further advance 
sealing technology. These improvements include (but are not limited to) a more accurate torque 
measurement method with a LabVIEW compatible DAQ system, leakage detection and volume 
measurement, and the inclusion of a high speed camera to capture images that would provide further 
knowledge regarding surface feature effects on seal performance. 	
Objectives	
In order to advance Flowserve’s laser etching technology, a more refined testing system is needed. The new 
system will include a means of visual inspection of the seal interface, as well as the ability to include a high-
speed camera that is to be mounted in the axial direction in relation to the seals. A mobile housing unit will 
withstand up to 200 psig with fluid temperatures ranging from 70 – 200 degrees Fahrenheit, and allow for a 
user variable driving speed of 3600 RPM. A DAQ system will monitor environmental properties and a more 
precisely calculated torque. 
In order to keep advancing the technology associated with the seals’ micro features (discussed in the 
following section), Flowserve must have the ability to see how the working fluid in the pump interacts with 
the seal interface. Therefore, one of the goals is to provide a means of visual inspection of the seal interface 
while the test system is operating. This testing apparatus will be mobile, with easy connect-disconnect ports 
compatible multiple support systems in Flowserve’s facility. A DAQ system will be incorporated in order 
to directly measure the torque at the seal interface in real time. Flowserve has provided a list of specifications 
to be included in the final product, shown below in Table 2. It includes a brief description, the necessary 
tolerances, and the relative importance of each. The risk column describes the difficulty of meeting of each 
specification. An “H” denotes a high risk, “M” denotes medium risk, and “L” denotes low risk. The notations 
for “Compliance” are explained in Table 1. Note that more than one method of evaluation compliance may 
be applicable to any one specification. The complete list and assessment can be viewed in the Quality 






Table 1. Key to Formal Engineering Requirements Compliance 
Letter Method of Evaluation 
A Analysis 
T Test Performed 
S Single comparison to point of reference 
I Inspection, go/no-go 
 
Table 2. Formal Engineering Requirements 
Specification Parameter 
Description 
Requirement or Target Tolerance Risk Compliance
1 Housing 
Pressure Rated 
200 psig Max M A, T, S 
2 Shaft Operation Variable speed up to 3600 
rpm 
Max L T, S 
3 Temperature Working fluid temp 70-
200°F 
Max L T, S, I 
4 Data Collection DAQ with LabVIEW  L S 
5 DAQ Resolution of 0.025 in-lbs; 
accuracy of 0.25 in-lbs 
 H T 
6 Auxiliary 
Measurement 
Collection of escaped fluid  L T, I 
7 Safety Meet or exceed Flowserve’s 
safety standards 
Min L T, S 
8 Assembly Design for easy assembly  M A 
9 Compatibility Connect with current 
support system 
 L A, T, S 
10 Cost Budget of $10,000 Max M A 
11 Set-up Time Comparable to existing 
system 
Min L T 
12 Camera Inclustion of EnviroCam  M A, I 
13 Transport Able to move with ease  L T, I 
14 Test Conditions Working fluid is water  L A, T, S 
15 Visual 
Inspection 
View seal interface  M A, T, I 
 
The matrix also includes implied requirements, namely ergonomics and serviceability. Our system will be 
designed with assembly and serviceability in mind. The system will allow for straightforward 




Figure 1. Quality Function Deployment (QFD) matrix 
Figure 1 above is a simplified QFD. The matrix encompasses the process that is used to help quantify 
customer requirements and to generate engineering specifications for the development of a product. The 
“Who” section of the QFD specifies any parties who will be impacted by the project. Beneath “Who” is the 
“What” section, which contains the customer requirements. To the left, “Who vs. What” determines the 
relative importance of each requirement to each specified customer. The “How” section consists of 
engineering specifications, which are determined by either explicitly or implicitly stated customer 
requirements. The center of the table, “What vs. How”, is where relations are made between the customer 
requirements and engineering specifications. The combination of the previous two sections allows for the 
determination of a Technical Importance Rating and the relative significance of each of the target, or “How 
Much” aspects. The triangular top portion of the QFD relates the different engineering specifications. 
Specifications are given a (+) if they promote each other, a (-) if they adversely affect each other, and left 
blank if they do not affect each other. The right side of the table compares the customer requirements against 
the existing products found in the market. This section helps to identify any missing specifications in current 
systems and define the need for the new product. The bottom section “How Much”, defines the quantitative 
values or specific actions for each of the engineering specifications. 	
Based upon this analysis, the SEALS team determined that the principal aspect of this system would be the 
integration of the DAQ system with LabVIEW. This specification has the highest Technical Importance 
Rating because of its relationship with the quantifiable parameters that are specified in the customer 
requirements. The highest qualitative aspect for data collection was found to be the inclusion of the 
EnviroCam FS3. The results of the “How vs. How” section indicates that there may be conflicting 
specifications for this project. The negative correlation between components means that certain 
specifications may adversely affect other specifications, such as the quality of the system versus the cost. 
These correlations were taken into consideration throughout the entire research and development process.   
Gantt	Chart		
In order to more efficiently manage this project, the S.E.A.L.S. team created a Gantt chart outlining all the 





The dynamic friction test method Flowserve currently utilizes 
is on a permanent stand in their testing facility with the ability 
to connect to the existing environmental support system. The 
system circulates water at a designated pressure and 
temperature through the seal housing. Shown in Figure 2 to the 
right, there is an AC motor coupled to the drive shaft, which 
runs through a bearing casing with both roller and angular ball 
bearings that minimize the lateral and axial thrust loading on the 
shaft. Both the motor and the bearing case are mounted to the 
stand. Figure 3 below shows a closer look at the primary section of the tester. The stator is bolted in place 
where thin steel ribs (2) form supports with the bearing casing (1) for the seal housing. The cantilevered seal 
housing (locating within the pressure vessel, (3)) contains the end of the drive shaft, the mechanical seal 
assembly, and connections for the supplied working fluid. Sensors have been placed in the housing to 
monitor internal fluid temperature and pressure during operation.  
Strain gauges are located on the supporting ribs to indirectly measure the 
torque on the mechanical seal. The measurement is based on the angular twist 
of the ribs induced by the transmission of torque through the housing from the 
stator. Not only does the out-of-line placement of the transducers contribute 
to hysteresis, the cantilevered portion creates a moment on the shaft that will 
encourage shaft misalignment.  
The current system requires four hours for assembly and an hour to install a 
new seal. Assembly of the system includes the installation, testing alignment 
and adjustment, piping/ instrumentation, calibration, and a system warm-up.  
Function,	Design	and	Failure	of	Mechanical	Seals	
Mechanical seals are subsystems implemented within machines 
with rotating shafts, such as pumps and compressors, in order to 
minimize leakage where the shaft exits the housing.1    Figure 4 
illustrates the basic components of a shaft assembly with end face 
mechanical seals. The seal is comprised of two rings; one that is 
stationary (stator), and another that rotates with the shaft (rotor). 
The rotating component is mounted to the shaft; while the 
stationary component, also known as “the seat,” is mounted onto 
the housing.2 A sealing effect takes places as the rotor spins 
relative to the stator. In order to decrease the amount of friction 
between the two, the interfaces of the seals are lapped to be 
extremely flat. They are kept in near contact with each other 
through the use of springs, but microscopically separated by a 
pressurized fluid.2 The thin fluid film separates the rings and is 
the lubricant that reduces heat generation due to friction. 	
Significant heat generation leads to the deterioration of the seal faces and ultimately to seal failure. Typically, 
failure of the seal itself is recognized as seal tapering in the radial direction that leads to instability; a 
morphing of the seals to have uneven profiles, thus increasing leakage; the formation of deposits that impair 
      Figure 4. Diagram of mechanical seal assembly 
cross-section3 
Figure 2. Flowserve's existing torque tester
Figure 3. Close up of primary 
section of tester	
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performance; or the formation of crystals that lead to excessive wear.4 These scenarios suggest that the case 
of failure, and therefore the lifetime of a mechanical seal, is directly related to the heat generation between 
the contact surfaces.5  
The primary mechanical design considerations for mechanical seals include: tolerance stack-up in various 
components; wear due to friction and overheating; concentricity and perpendicularity misalignments; 
thermal expansion and contraction of the system; fluid properties (viscosity, specific gravity, and vapor 
pressure); and the dynamic effects of the relative motion.6  	
Overheating and friction occur when there is an insufficient amount of fluid film between the two surfaces.1 
Too much fluid, however, will result in a greater leakage rate. There must be a balance between the amount 
of lubrication and the acceptable amount of fluid leakage. System factors that influence heating such as 
viscosity, vapor pressure, and temperature are generally out of the design engineer’s control. Manipulation 
of the material and the surface geometry is an alternative method for reducing friction and heat generation 
at the seal interface, thereby reducing the leakage rate.	
Historically, hydrodynamic features were placed on seal facing, through the use of sandblasting and 
deformation grinding. More precise and reliable methods employing laser-etching technologies are now 
being utilized for the machining of micro features in the seal ring interface. Performance data taken for these 
seals indicate that the micro features generate a hydrodynamic lift that reduces friction by as much as fifty 
percent.6 Prior to laser-etching technology, the separation of the seals was maintained by the application of 
static pressure caused by the working fluid in the system. Micro-features provide a more stable lift load at 
the seal interface. These features also create the maximum possible film lubricant with a trivial amount of 
leakage.11	
In addition to reducing heat generation, inspection of the seal interface while in operation reveals the 
intriguing effects of various geometric patterns. The design of micro features helps to offset the 
unpredictable nature of fluid motion by guiding the fluid path. Simultaneous analysis of the dynamic friction, 
fluid motion, and environmental characteristics will allow for the enhancement of micro feature technology.	
Existing	Testing	Technology	
Dynamic	Friction	Testing		
Mechanical seals operate such that the motion of the rotor relative to the stator produces a torque that is 
generated through the fluid film. The amount of torque experienced by the stator can be directly related to 
the amount of friction between the two faces. By measuring the torque experienced by the mechanical seals, 
a relation among the friction, the pressure gradient, and the temperature can be developed. 
How	Torque	is	Measured	On	Mechanical	Seals	
Most torque measurements include both a static torque and a dynamic torque. Static torque is defined by 
having zero angular acceleration, and is divided into two categories: reaction and rotary. Reaction describes 
the reaction torque of induced within the component. The component itself does not rotate, but a torque is 
induced by the rotation of another component. The induced torque will produce little to no rotation, and is 
often defined as a torque with less than one revolution of motion. A rotating static torque also does not 
include any angular acceleration, but is characterized by more than one revolution of the component under 
question.8 Dynamic torque describes the behavior of a component that is moving with angular acceleration. 
Dynamic torque is periodic, and can be caused by forces of gas pressure that occur in the interplay between 
rotary and stationary components.9 Thus, the fluid film within the seal has dynamic torque, which is directly 
related to the torque of the mechanical seals. This dynamic torque, or dynamic friction, promotes heat 
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generation. Heat generation and friction contribute to wear on the seal face and ultimate failure of the sealing 
mechanism. Furthermore, the friction that is generated between the seal faces induces a reaction torque in 
the stationary seal face, or stator. The reaction torque may be related back to the friction in order to gain a 
better understanding and analysis of the wear of mechanical seals due to friction as a function of operating 
conditions and micro feature geometry. 
A test that isolates the effects of micro feature geometry on friction and fluid motion requires the 
minimization of parasitic loads and hysteresis associated with the rotary static torque. Parasitic loads include 
the weight of the shaft, the mounting loads, an axial thrust load (if applicable), and any components with 
significant rotational inertias that would dampen the dynamic torque.9 Ideally, an in-line torque measurement 
method would eliminate these effects. Another option is through an indirect solution offered by considering 
Newton’s Third Law: for every action there is an equal and opposite reaction. As explained above, the 
dynamic friction between the seal faces with induce a torque in the stator and gland. Strategic placement of 
a reaction sensor allows for the measurement of torque by measuring the resistive force of an applied 
torque.10 This would be achieved by placing sensors near the pins that fix the gasket to the housing, or on 
the housing itself. 
Different	Measurement	Systems	
With regard to the reaction torque measurement, the most common 
type of sensors are the metal foil gauges through which deformation 
of a component is converted into a load as the resistance of the 
transducer’s bridge circuit is increased. Excitation of the bridge by 
a power source allows for resistance to vary with the deformations 
of the component being placed under loading or torsion.11 Variations 
in the proportional voltage drop across the foil are then translated to 
strain.10 Strain gauge sensors are used in Flowserve’s current torque 
measurement system, surface mounted on the twisting I-beams 
between the bearing case and housing in order to measure the torque 
imparted on the stator (refer to Figure 5 at right). Foil gauges are 
often employed in dynamic environments because of the high-speed capabilities when coupled with a 
sufficiently large platform for data acquisition. This method, although well established, involves a certain 
extent of excess noise undesirable for precise measurements.10 
The bridge circuit utilized for measuring electrical resistances is known as the Wheatstone bridge circuit. 
The Wheatstone bridge consists of four arms, each with its own resistor, and is designated as being full-
bridge, half-bridge, or quarter-bridge depending on the number of 
strain gauges used at the measuring point. A full-bridge configuration 
is used in stress analysis when interferences (such as parasitic loads) 
come into play.13 Elimination of the interferences is be desirable for 
measuring the torque order to minimize hysteresis effects on the 
accuracy of the measurement. 
In a full-bridge configuration, an excitation bridge across one 
diagonal is connected to a known voltage input that is then compared 
to the bridge output voltage that appears over a measurement bridge.13 
Ideally, high excitation levels achieved through amplification provide 
a large signal-to-noise ratio that is easily measured with greater 
accuracy and precision, especially in the case of long wires that are 
susceptible to noise. However, larger excitation voltages lead to self-heating, which adversely affects the 
adhesive’s ability to transfer strain and reducing the sensitivity of the transducer. The obvious solution is to 
Figure 5. Schematic of full-bridge strain 
gauge configuration12 
Figure 6. Example metal foil gauge 
transducer 
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decrease the excitation level in order to ensure that this does not occur. Another solution is to increase the 
surface area of the strain gauge. A balance between a high excitation level and the possible adverse effects 
must be determined in order to gain the desired accuracy of a strain gauge measurement.14 Excitation of the 
strain gauges means that the strain gauge had to be connected to the power source via wires that are 
susceptible to noise, as previously mentioned. Electrical noise contributes to lower accuracy in reaction 
torque analysis. Moreover, out-of-line placement of the sensor specifically contributes to the buildup of 
parasitic loads and hysteresis. 
Another type of strain gauge available is the 
optical strain gauge. Optical sensing is an 
option that eliminates electrical noise, but is in 
general less accurate in its measurement. It is 
recommended to use a hybrid approach in order 
to ensure the most accurate results. Optical 
sensors use Fiber Bragg Grating (FBG), which 
consists of a series of refractory changes in the 
index of glass fibers that reflect specific 
wavelengths. A shift in wavelength is converted 
to strain values. The sensors are embeddable and reliable for a long period of time, and do not require a 
recalibration after post-installation nulling. However, optical sensors are subject to temperature effects and 
should be coupled with close contact FBG temperature sensors in order to monitor the environment and 
compensate undesired effects as needed. Although highly accurate, optical sensor transducers are extremely 
expensive. Additionally, they typically only allow for a measurement speed of 1 kHz, whereas foil gauges 
may allow for measurement speed up to 100 kHz.10 
Strain gauges require a certain level of signal conditioning in order to ensure accurate strain measurements. 
These conditioning factors are: bridge completion, amplification, filtering, offset, shunt calibration, and 
excitation (discussed above). Amplification is required of any configuration in order to boost the signal level 
to increase accuracy and improve signal-to-noise ratios. Filters are used in order to remove high-frequency 
noise that exists in most environments that would couple to the strain gauges and reduce the accuracy of the 
measurement.15 Offset nulling and shunt calibrations are discussed in the Data Acquisitioning section of the 
Background Section. 
Given the structure of mechanical seals, in-line measurement is 
impractical. The challenge is to bring the transducers close enough to the 
rotating components to include a minimum amount of static torque. A 
typical rotary torque test utilizes slip rings that rotate with the shaft while 
applying power to and retrieving the signal from strain gauges through 
a series of brushes. Slip rings allow for a near in-line measurement, but 
have limited lives and are subject to wear. They are also a source of drag 
torque as they brush along the contact surface.9 The drag would 
introduce an unrealistic parasitic load not present in actual 
applications.  
In order to eliminate the need for brushes, the rotary transformer was 
developed. A rotary transformer is typically used for high shaft speeds but may be implemented where space 
is limited. The system consists of two coils, one that is static and attached to the transducer’s housing and 
one that is rotating and attached to the transducer shaft. The induction between the two coils is converted 
and output as a quantifiable signal.8 Another non-contact method uses infrared torque sensors and a rotary 
transformer coupling that supplies power to a rotating sensor. A circuit on the rotating sensor provides 
Figure 7. Diagram of embeddable optical sensor with Fiver Bragg 
Grating10 
Figure 8. Slip ring torque meter used in 
conjunction with a rotating shaft12 
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excitation voltage to the strain gauge and digitizes the output, then sent through infrared light to stationary 
receiver diodes. This method requires a source of power to be included on the rotating assembly, but outputs 
less noise due to the absence of wires.9  
Existing systems for the measurement of reaction torque are the flange 
mount or shaft mount torque transducers. Flanged, reaction torque sensors 
are designed for installation between the rotating component and the 
mounting plate. Shaft reaction torque sensors are commonly keyed on 
both sides and inserted	 between two shafts or the shaft and a mounting 
plate.16 Typically, both types of sensor include strain gauges bonded on a 
portion of the transducer to achieve accuracies of near or better than 0.15% 
full-scale-output (FSO). These systems in the current test system 
configuration would require the use of integral couplings in order to 
directly implement the sensor near the seal housing. A coupling is used to 
connect two shafts together at their ends for purpose of transmitting power 
and protecting connected equipment from misalignment, vibration and 
shock overload. Essentially, it would allow for the sensor to be placed 
between the motor and the seal housing. However, torque transducers will 
accommodate only a small amount of misalignment and severe 
misalignment would lead to premature bearing failure.8 
Non-contact methods are of great interest due to the elimination of 
electrical noise or parasitic loads contributed by the traditional methods 
of measurement. Radio telemetry is one example that uses a wirelessly 
induced power to excite the strain gauge. This is a simple solution that 
is considered to be quite reliable and easy to install, but is more 
expensive than most systems. An in-line rotary system that utilizes 
radio telemetry consists of calibrated strain gauge torque cells 
inductively coupled to the stationary windings on the assembly by a 
rotary transformer. A secondary transformer then receives the torque 
signal.9 Although simply installed, the rotary transformer requires 
specialized conditioning in order to produce acceptable signals for a 
data acquisitioning (DAQ) system, which is a fundamental element in our system design.  
Similar to radio telemetry, analog telemetry uses radio frequency technology to wirelessly transmit 
information such as a strain measurement for feedback analysis. In doing so, it eliminates the concern of 
electrical noise or misalignment of the system. Analog telemetry requires a transmitter, a receiver, a power 
supply (inductive or battery), a module support ring, and antennas. Originally designed for rotary 
applications, the stationary cylindrical antenna could be implemented for use in a modified housing design 
of the testing system. The use of wireless transmission of data is of great interest in the torque measurement, 
as it would reduce the non-linearity of the output signal.  
	 	
Figure 9. Flange mount torque 
transducer	
Figure 10. Radio telemetry system
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Data	Acquisition	
Temperature, pressure, and dynamic friction data at the seal face will be measured simultaneously while 
collecting data during any testing performed. Acquisition of data will be done via National Instrument’s 
Laboratory Virtual Instrumentation Engineering Workbench (LabVIEW)17, which is currently utilized by 
Flowserve at their testing facility. In addition, the operator will control motor speed using this software’s 
system control capabilities. LabVIEW’s processing unit runs parallel, which means faster acquisition and 
data processing. Parallel processing allows for the preservation of the phase relationship between the input 
signals - pressure, temperature, torque, and the operator controlled motor speed.17 The graphical user 
interface displays data in real time and provides a straightforward means of interpretation.18 	
The National Instruments’ S and R Series both execute simultaneous sampling of analog inputs, and the X 
Series allows for simultaneous sampling to a lesser extent. The S and R series each provide for eight digital 
inputs, while the X contains up to thirty-two input ports. Additionally, the X Series Multifunction is 
compatible with the universal serial bus (USB). The USB is portable, and due to new NI Signal Streaming, 
USB devices now rival the performance expected from plug-in buses such as the PCI and PXI, which are 
implemented into the machine. National Instruments has enhanced performance by reducing communication 
overhead, and increased device responsiveness.18 In order to achieve the desired resolution and real-time 
analysis of the data, a greater examination of available products will be performed.  
Improving	the	Measurement	of	Strain	Gauges	
The overall accuracy of any measurement obtained via strain gauges for the torque will be affected by the 
capabilities of the chosen DAQ system. There are several things to take into consideration when choosing a 
DAQ system. The first is data offsets; the system will output some non-zero initial value that will need to 
be eliminated in any ensuing measurements. In order to ensure that there is not an effective measurement 
loss due to large offsets for any given application, a DAQ system with a wider measurement range than 
needed should be chosen. 
Second, the excitation stability of the source is directly proportional to the accuracy of the measurement. To 
minimize small excitation source fluctuation, voltage actually supplied by the source is measured in order 
to compensate for fluctuations. In addition, references to the measurement made by the analog digital 
converter (ADC) against the excitation measurement hardware itself allow the ADC to track any fluctuations 
in the excitation source without any software compensation or addition measurements. Many modules for 
purchase have software built-in for this procedure.19 
Lastly, lead wire and bridge arm resistance causes a reduction in sensitivity because they have a large 
resistance in comparison with the bridge completion wiring within measurement system. Connecting 
remote-sense wires to the points where the excitation voltage wires connect to the bridge circuit will alleviate 
these affects. Additionally, shunt calibrations are used to simulate the input of strain by some amount of 
resistance. The output of the bridge is then measured and compared to the expected output voltage.19  
Leakage	Measurement	
Mechanical seals require fluid to be present in the seal interface to provide lubrication between the seal 
faces. Even with the best mechanical sealing, fluid will still escape the seals. There is an inverse relationship 
between seal friction and fluid leakage; i.e. if there is more leakage, there is less friction because there is 
more lubrication.6 Quantifying the leakage at the seal interface over time in the test apparatus is beneficial 
in determining between these two. The expected leakage is on the order of an estimated 10 milliliters per 
hour, which raises concerns in the integrity of the sealing.3 To more simply describe this magnitude, a 
standardized “metric” drop of water has been defined as 1/20 milliliter, or 50 microliters.20 
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Measurements taken more than once per hour can provide valuable information regarding various effects on 
the seal leakage. This information includes the effects of shaft speed, seal face temperature, and even the 
amount of torque on the seal interface. To make these correlations quantifiable, incorporation of the leakage 
measurement with the data acquisition system would be necessary. Another option to measure leakage is an 
electromagnetic flow meter, which measures the change in the magnetic field as fluid flows through it the 
component that the flow meter is attached to. These measurements would be monitored at more regular 
intervals than once per hour.  
In order to ensure an accurate leakage measurement, all of the escaped fluid must be transported into the 
leakage measurement device from seal interface. This is not possible, however a method to accomplish this 
is to apply a superhydrophobic spray to the area. Hydrophobic materials that exist in nature are known to 
“self-clean” and repel anything liquid or oil based through a particular micrometer- to nanometer-scale 
roughness on a low surface energy material.21 The effect of a hydrophobic surface causes the liquid to 
condense to droplet form and move away from the surface.22 
A superhydrophobic surface can be synthesized through use of a two-part spray. The first step is to create a 
low surface energy area, which can be done with fluorocarbons or silicones. After this, the necessary 
roughness required can be achieved through etching, layer-by-layer and colloidal assembly, or 
electrochemical deposition.21 As a commercially available example, NeverWet has partnered with Rust-
Oleum to create a simple-to-apply, two-part spray that is suitable for use on metal, wood, fiberglass, and 
other materials.23 
Visual	Inspection	
In addition to quantifiable analysis of the mechanical seals and fluid behavior, a visual understanding of the 
effects of surface features on fluid motion and fluid phenomena caused by high-pressure differentials in the 
fluid was desired as well. The EnviroCam FS3 Visual Analysis System is specially designed for integration 
with the original housing containing the mechanical seal. When installed as specified by the EnviroCam FS3 
Visual Inspection Installation Manual, the camera lens is situated normal to the periphery of the seals so as 
to observe the fluid film gap. The EnviroCam F series vision systems allow for general observation of pipe 
surfaces through liquids or gases, corrosion/erosion observation and analysis, and particulate detection under 
normal operating conditions without impeding process flow.4  
	
Figure 11. EnviroCam FS3. 
	
The new system is required to situate the camera lens for inspection of the seal interface along the axis of 
the shaft assembly. EnviroCam offers other possible systems that may be better suited for such applications. 
The B series is designed for orientation normal to the seal face and has the same features of the F series as 
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well as bubble, particle, and turbidity analysis, multiphase detection, and process analytical technology. 
Enhanced analysis capabilities of the B series would lead to a better understanding of fluid phenomena 
associated with the micro feature technology.4	
Design	Development		
Phase	I:	Preliminary	Design	
The ideas described in Phase I of the design development are included for reference and full disclosure, 
although most were not used in the final design of the testing system.  
Concept	Evaluation		
Upon completion of the initial project proposal, a sufficient amount of research and a more refined problem 
statement was obtained in order to progress through the ideation phase. The problem at hand featured several 
different functions that needed to be addressed individually before integrating all of them into one system. 
While generating ideas for possible solutions for the presented functions of the system, it was more efficient 
to focus on one particular function for a period of time, and then allow for incubation of each idea while 
moving on to another function. Each function was then revisited for further consideration.  
Several idea generation techniques were deployed in order to create a plethora of possible solutions to that 
function. There were a total of 88 resulting solutions for all of the design functions. The complete list of 
ideas can be found in Appendix A. However, a small portion of these ideas were not feasible. To eliminate 
based on practicality, all of the generated ideas were granted a go/no-go judgment in order to focus on fewer 
ideas with more potential. Small-scale models were then constructed in order to visualize the ideas, and 
served as visual models for inspection of the compatibility between certain function solutions and the 
complete system. The function models were a platform for a more detailed system concept model, which 
was presented to Flowserve via teleconference.  
The next phase of selecting a final concept was to further narrow down the number of ideas generated 
through multiple team idea evaluation sessions for each function. Once each function had a small amount of 
possible solutions, those ideas were placed into Pugh Matrices, which can be seen in Appendix A. The 
matrices resulted in 3 - 5 leading concepts for each function. Detailed decision matrices were created for 
each function with calculated weighted criteria to determine the best concept based upon the criteria. The 
best result (as determined by each respective matrix) was evaluated by the team. Through discussion and 
justification of ideas it was determined if that was truly the best solution for the overall system.   
Once a concept was determined from each of the decision matrices, those function concepts were combined 
to make a total system solution. Minor design changes were made to function concepts in order to make 
them compatible with all functions. Major function concepts such as torque measurement took precedent 
over relatively trivial functions such as system mobility. The next following subsections describe in detail 




Table 3. Functions of Figure 12. 
Function Concept
Torque Measurement-(A) Flange-mount reaction torque sensor 
Leakage Measurement-(Not modeled) Bending beam load cell 
Pressure Vessel-(B) Open-ended side with a clear cylinder around the seal 
assembly
Mobility-(Not modeled) Keyed-leg sleeve 
 
Figure 12. Section View of System Assembly 
Torque	Measurement	
For the preliminary design proposal, an inline torque measurement would be taken between the component 
causing the torque and the component that the torque reaction was being inflicted on. With regard to the 
problem at hand, this would entail placing a sensor between the rotor and the stator. Since this is not possible, 
a less direct method of approach would be used. We proposed a dual-function housing that would essentially 
be a flange-mounted reaction torque sensor encasing the gasket of the stator. 
With the existing old testing system, torque measurements are made using auxiliary calculations, which 
allows for the accumulation of individual errors that would not be seen while taking a direct measurement. 
I-beam ribs between the seal housing and the shaft have strain gauges that measure the torsion angle. The 
torsion angle is then used to calculate the torque experienced by the seal via the geometry of the supports 
and housing. This method, though effective, is subject to measurement error due to tolerances of the 
geometry. Temperature compensation may also be necessary in order to account for the environment that 
the strain gauges are subjected to. Furthermore, the indirect measurement contributes to hysteresis. 
Besides the question of accuracy, the existing strain gauges require external wiring that is fairly exposed and 
subject to noise. The noise creation is partially due to the location of the strain gauges, but also to the inherent 
design and functionality of the strain gauges.  
Optical sensors would completely eliminate the vulnerability of the torque measurement to electrical noise; 
however, optical sensors have their own drawbacks. This and other solutions for improving the accuracy 
and hysteresis of the measurement have been researched and analyzed by generating a decision matrix that 
compared five concept ideas along with the current system. A weighting scale was implemented in order to 
subjectively evaluate each idea based upon specified criteria. It should be noted that cost was not included 
in the criteria for determining the best solution due to the subjectivity to various system configurations and 
suppliers, as well as auxiliary components. The section following the criteria table, contains a brief 
description of the top concepts, with the final selection for this stage in the design phase. 	
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0.20 Refers to the severity of any parasitic loads/misalignment caused by 
measurement system. Systems that will add a parasitic load to the existing 
possibilities receive a (1). Systems that do not contribute parasitic loads 
receive a (5). Systems that reduce parasitic loads by providing more direct 
measurement than current system and also do not contribute any of their own 
receive a (10). 
Maintenance 0.10 If routine maintenance due to wear, placement/misalignment, or calibration 
is involved, the measurement system receives a (1). For a medium level of 
maintenance, such as minor calibration, the measurement system receives a 
(5). If maintenance is not required save for necessary tune-ups, the system 
receives a (10).
Hysteresis 0.30 The accuracy due to hysteresis is determined based upon background 
research of each type of system and the best (lowest) percentage of 
inaccuracy with respect to full-scale output. Systems .25% and above receive 
a (1). Systems .10% and above receive a (5). Systems below 0.1% receive a 
1(0). 
Repeatability 0.20 The repeatability is determined based upon background research of each 
type of system and the best (lowest) percentage of inaccuracy with respect 
to full-scale output. Systems .05% and above receive a (1). Systems .03% 
and above receive a (5). Systems below 0.3% receive a (10). 
Measurement 
Acquisition 
0.10 Measurement Acquisition – This refers to the manner through with the 
measurement is sent to the DAQ. Systems requiring wiring from the 
measurement device that are primarily external receive a (1). Systems with 
wireless transmitters to the transducers but still with wires receive a (5). 
Systems with complete wireless capabilities receive a (10). 
Installation 0.10 Installation – The rating for installation is as follows: A (1) indicates that the 
method of measurement is difficult to implement because of transducer 
placement. Additionally, any disassembly of the system requires the 
separation of the sensors/transducers from the surface on which they are 
mounted. A (5) indicates that the method is able to be implemented rather 
simply, and does not require full disassembly while performing maintenance 
on the system. A (10) indicates that the method of measurement would be 
one complete piece (transducer and sensors mounted) from the start, and not 

































































































Wt. Wtd. Wtd. Wtd. Wtd. Wtd. Wtd. 
         
Parasitic Effects 0.20 1.00 0.20 2.00 2.00 2.00 0.20 
         
Maintenance 0.10 0.10 0.50 1.00 1.00 0.50 0.10 
         
Hysteresis 0.30 1.50 3.00 3.00 3.00 1.50 3.00 
         
Repeatability 0.20 1.00 1.00 2.00 2.00 1.00 1.00 
         
Measurement 
Acquisition  
0.10 0.10 0.10 0.50 1.00 0.10 0.10 
         
Installation  0.10 0.10 0.10 1.00 1.00 0.10 0.10 
         
Total 1.00 3.80 4.90 9.50 10.00 5.20 4.50 
	
The highest scoring concept was the embeddable torque sensor that uses fiber optic cables. However, this 
method utilizes novel technology still being developed further and would be too expensive for the purposes 
of this project. Nevertheless, it was determined during the research stages that the capabilities of the 
embeddable sensor would be held as the ideal solution with specifications to aim for. 
The second best concept was the use of a flange, reaction torque sensor, custom-ordered from a supplier of 
torque measurement systems. A typical flange sensor yields an accuracy based on hysteresis on the order of 
0.1% FSO; accuracy based on linearity of 0.1% FSO; and sensitivity of 1 mV/V. Additionally, it would not 
require any rigorous hardware installation or maintenance while in use. However, due to the requirements 
of the system, any existing device would have to be modified in order to accommodate camera placement, 
thermocouple placement, and the placement of transparent material for a viewing window. 
The third highest scoring concept was the implementation of the strain gauges on or very near the pins that 
hold the stator to the gasket. Strain gauge accuracy depends upon the accuracy of the DAQ device, the gauge 
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factor of the strain gauge, and the bridge circuit configuration. The accuracy of the DAQ is the most 
important factor, and is defined in terms of an offset (range) error and gain (reading) error. Offset error is 
constant across the full range, whereas the gain error increases as the level of the signal increases. It was 
assumed for the decision matrix that the reading from a strain gauge (optical or foil) would be able to reach 
the same level as the flange, reaction torque transducer. This assumption is based upon specifications of full-
bridge strain gauge configurations mounted on the flange transducer in order to measure the strain. 
Design	Decision	
By a large margin, a flange-mounted solution was the best choice given the selected criteria. However, 
taking into account the other requirements of this system, a custom-designed flange, reaction sensor with 
encased strain gauges was proposed. The concept was to design a component that would be pinned to the 
gland, indirectly experiencing the reaction torque induced by the mechanical seal. An internal torsion bar 
would protrude from the ring section that has the pins directing the load path to the full-bridge strain gauge 
configuration surface mounted to the bar. The strain gauge cables would exit the torque housing and lead 
directly to the DAQ module located in the table below.  
This concept was very similar to the current measurement method, however, it included several features 
designed to minimize the hysteresis present in the system and improve the accuracy of the overall reading. 
First was the containment of the strain gauges and use of shorter lead wires. These are simple techniques 
used to reduce the noise in the reading and also reduce the effects of a longer resistive path.  
Second is the direction of the load path. The torque experience by the stator travels through a pin to the 
gland, which in turn had a pin in the torque measurement system. This second pin would extend fully from 
the stator through the middle face of the torque measurement housing, into the torsion bridge. This 
eliminated some of the load path of the existing tester, for which the load must travel from the stator, through 
the pin to the gland, through the gland and the pin from the gland to the housing, and then to the beams with 
the strain gauges attached. 
Finally, in order to account for the torque induced by the rotary action of the plug seal on the left stator, a 
bearing is integrated with the gland and outer housing. The bearing would serve to absorb any possible 
angular twist of the outer housing that is bolted from the end where the torque is being measured to the side 
where the plug seal is contained. Fixation of the two is needed in order to contain the pressure vessel, but is 
now done so in such a way to mitigate parasitic loading of the seal under consideration.  
Integration with other components was a large concern regarding this method of torque measurement. Given 
the horizontal orientation of the overall system, as well as the necessary camera placement, the torsion bar 
will be hollow to allow for the camera to be inserted and reach the seal face. This also requires that the outer 
cylinder of the torque measurement housing have holes drilled similar to the current housing for installation 
of the camera strobes. The current housing incorporates leakage ports, thermocouple ports, and ventilation 
ports in order to properly regulate the environment within the gland that is holding the stator. There are also 
inlet and drainage ports for the recirculation of pressurized water into the casing. With the configuration of 
the entire system initially proposed, the intake and drainage ports were located on the secondary housing 
near the plug seal. The thermocouple port would allow for leeway to a certain extent until it reaches the 
gland, in order to reduce the effects of its motion relative to the torque measurement housing. Compatibility 
with leakage capture will be explained in further detail in the Leakage Measurement section.  
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The main function of a seal is to keep fluid from escaping the system; however, there will always be a small 
amount of leakage due to the nature of the seal. As referenced in the Background Research section, dynamic 
friction and leakage have an inverse relationship. To quantify this, a leakage measurement subsystem is 
needed. Obtaining a high-resolution measurement would be beneficial in order to determine the relationship 
between the shaft speed, torque, microfeature geometry, and leakage. The criteria for preliminary concept 
evaluation are in the table below.  
Table 6. Description of criteria for weighted decision matrix 
Criterion Weight Definition 
Measurement 
Resolution 
0.35 As stated in Background, a resolution of at least 0.01 mL is desired to create 
a semi-instantaneous measurement of the leakage to be related to shaft 
speed, torque, and temperature. This criterion was based on a ranking system 
from 1-10. Following this, the lowest ranking (0) is not meeting the 
requirement having a maximum resolution of 0.1 mL, (2.5) having a 
resolution of 0.1 mL to 0.02 mL, (5) is meeting the minimal requirement of 
0.05 mL at any time, (7.5) with a resolution of 0.049 mL to 0.001 mL, and 
the highest (10) far exceeding this. 
DAQ Output 0.27 Determined by the ease of which the method of measurement is able to 
connect with the DAQ. The range of this ranking starts with a zero defining 
no compatibility at all, a middle ranking (5) of the possibility of DAQ output 
with considerable labor, and the highest rating (10) being for concepts that 
only output with a DAQ system. 
Cost 0.12 Ranked by estimated cost for entire concept solution (measurement, 
collection, DAQ connection, collection bracket), with the highest ranking 
(10) being the least expensive from 0-$20, and ranking depreciating with 
estimated costs: (7.5) being $20-$100, (5) being $100-$500, (2.5) being 
$500-$1000, and (0) being anything more than that.  
Assembly 0.12 Refers to how easily the system will be able to be assembled with the entire 
testing apparatus, with the highest score (10) requiring basic skill such as 
mechanically fastening the equipment down, (5) requiring machining of 
additional components for fastening, and (0) requiring technical attachment 
methods such as welding.  
Versatility 0.15 Pertains to how much complexity the leakage measurement system adds to 
the apparatus’s ability to change the seal to be tested. The highest value (10) 
is not having to alter the leakage measurement system for seal removal, (5) 


















































  Wt. Wtd. Wtd. Wtd. Wtd.  
            
Measurement 
Resolution 
0.35 2.60 3.46 3.46 1.73 
            
DAQ Output 0.27 1.35 2.69 2.69 0.00 
            
Cost 0.12 0.87 0.58 0.58 1.15 
            
Assembly 0.12 1.15 0.58 0.29 1.15 
            
Versatility 0.15 1.54 0.00 0.77 0.77 
            
Total 1.00 7.50 7.31 7.79 4.81 
 
As referenced in the decision matrix, there were several concepts that were analyzed for leakage 
measurement such as: digital scale, bladder elongation, digital flowmeter, and a graduated cylinder. 
The graduated cylinder solution had high ratings in the decision matrix except with regard to DAQ output 
compatibility. It was the least expensive idea, along with the mounting bracket concept. The assembly rating 
for the graduated cylinder was higher than the others because attachment of the cylinder to the bracket could 
be done simply and affordably. Also of note is the versatility, because the assembly and disassembly would 
require little effort in removing the graduated cylinder. 
The digital scale concept transports the leaked fluid to a container on a digital scale with an analog output 
connected to the DAQ. The mass measurement is then converted to a volume measurement by relating mass 
and density. This concept can be modified to be compatible with a DAQ system. The scale would only 
require fastening to a base within the table, and did not interfere greatly with the installation process of 
various seals.  
The bladder elongation concept included attaching a balloon-like bladder to the bracket and collecting water 
in it, causing it to deform under the added load. The deformation would be detected by a strain gauge 
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attached vertically on the bladder. This output gives a high resolution determined by the DAQ. The 
versatility of this idea is comparable to the graduated cylinder due to its size and assembly requirements.  
Design	Decision	
A collection device with bending beam load cell was initially decided upon in order to properly measure the 
amount of fluid leaking through the seals over a given time period. A support cage was to both support and 
protect the load cell and fluid container during any testing, service, or movement. This concept employed 
the use of super-hydrophobic spray along the interior of the exposed seal face, gland, and torque 
measurement housing where the camera was placed in order to guide the leaked water into the collection 
bracket. 
To obtain the leakage measurement, an assembled line of strain gauges attached to a thin, cantilevered beam 
would have a container attached to it, into which the leaked fluid would be diverted. The strain induced by 
the change in mass would be related to volume via DAQ programming. The desired resolution of 0.01 grams 
would be attainable with this type of a system, based on the nonlinearity value of the rated output of a typical 
bending beam load cell. The solution is also relatively low-cost.   
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Orientation	of	Test	System 
The current system used at Flowserve is supported in a horizontal fashion, with the shaft axis parallel to the 
floor. A reevaluation of this orientation was required in order for the performance of the previous functions 
to be optimized. Three orientations were considered for the system: horizontal, a vertical alignment with the 
seal housing on top, and a vertical alignment with the seal housing on bottom. The selection criteria for 
concept evaluation and the formal decision matrix for the three concepts are shown in the following table.  
Table 8. Criteria for weighted decision matrix 




0.24 Refers to ability of the design to integrate a leakage measurement system. 
Systems that do not allow for a leakage system receive a (1).  Systems 
that allowed for a leakage system to be implemented received a (10).  
Size 0.04 Refers to the horizontal size of the system and how much surface area 
the system would take in that orientation. Systems that required more 
space than the original test system received a (1). Systems that required 
the same amount of space as the original system receive a (5). Systems 
that required less space than the original system received a (10). 
Reassembly  0.16 Refers to how easy it is for the user to install seals for different tests and 
reassemble the system. Orientations that cause difficulty in reassembling 
the system would require special tools or multiple people to reset, or can 
cause small hardware to be mishandled receive a (1). Orientations that 
minimize risk associated with hardware and allowed for reassembly by 
one person receive a (10).  
Torque sensor 
compatibility 
0.36 Refers to the ability of the design to include the torque sensor in the 
system. Orientations require extra hardware or mountings for the 
implementation of a torque transducer receive a (1). Orientations that 
allow for optimal mounting conditions of a transducer receive (10). 
Camera 
Mounting 
0.20 Orientations that require additional frame members and design 
considerations to make a mount receive a (1). Orientations that require 
fewer frame members and a high amount of design considerations (or 
vice versa) receive a (5). Orientations that require surface mounts rather 
than additional frame members, and involve fewer design considerations 






Table 9. Decision matrix for system orientation 
System Orientation 





































































  Wt.  Wtd.  Wtd.  Wtd.  
          
Allows for implementation of 
leakage systems 
0.24 2.40 0.24 2.40 
          
Size of system 0.04 0.04 0.40 0.40 
          
Ease of resetting system  0.16 1.60 1.60 0.16 
          
Torque Sensor Compatibility 0.36 3.60 3.60 3.60 
          
Ease of camera mounting 0.20 2.00 0.20 0.20 
          
Total 1.00 9.64 6.04 6.76 
 
A vertical test system with the camera located on the top of the system could be a viable solution for the test 
system. The figure below is a sketch of this concept. This vertical orientation eliminates noise that leads to 
hysteresis because gravitational effects act in the radial direction. The system would also take up less floor 
space and have increased mobility within the facility. However, there are some critical flaws as well. It 
would be difficult to use existing leakage detection systems because the leakage could not be properly 
captured as it exits the seal radially. In addition to this, the mounting of the camera would be more 
complicated than the horizontal system because the camera mount would need taller supports.  
For the vertical system with the camera down, the leakage detection problem would be simple to implement 
and the parasitic load of the shaft weight would be eliminated as well. The main issue with this system would 
be the assembly and disassembly for changing the seal that is being tested. Ergonomically, this concept is 
not efficient.  
Design	Decision	
Based	on	the	decision	matrix	above,	the	horizontal	orientation	of	the	system	was	determined	to	be	
the	 best	 design	 choice.	 A	 horizontal	 orientation	 would	 allow	 for	 leakage	 detection,	 convenient	
assembly	of	 the	seals,	and	mounting	 the	 flange	mount	 torque	 tester.	Horizontal	orientation	would	
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work	 best	 for	 reassembling	 the	 system	 because	 the	 engineer	 would	 be	 able	 to	 remove	 each	
component	 piece	 by	 piece,	without	 increased	 risk	 of	 a	 components	 being	mishandled	 or	 of	 small	
pieces	 like	 nuts	 and	 bolts	 falling	 to	 the	 ground.	 This	 orientation	 scores	 the	 highest	 because	 it	





Figure 15. Simplified model of system to illustrate a horizontal orientation 
Potential drawbacks created by this concept would be the amount of floor space required and the hysteresis 
created by a horizontal alignment. One option for reducing floor space is to design the shaft to be driven by 
a belt or gear system running from a motor mounted alongside the shaft. Hysteresis is caused from the 
parasitic load from the cantilevered shaft and sleeve in the housing. Noise is created when the shaft rotates 
from the weight aforementioned. However, system calibration and housing design will seek to reduce the 
effects of hysteresis as much as possible. 
While the horizontal design is affected by hysteresis, it best allows for the optimal incorporation of all 
components for this testing system. As mentioned before, subsequent designs will seek to reduce 
hysteresis caused by the cantilevered shaft and sleeve.  
	





Proper selection of a pressure vessel is important because it will experience various pressures and 
temperatures that the seals would experience in industrial settings. The pressure vessel for this system will 
need to incorporate a viewing window for the tester, the Envirocam, and the torque measurement system. 
The selection criteria utilized to evaluate each concept is found in Table 9. 
  
Table 10. Selection criteria for pressure vessel 
Criteria Weight Description
Reading of torque 
measurement 
0.31 Refers to components in solutions that would affect the torque test 
reading and placement location for the torque test system. Solutions 
that generate additional parasitic loads receive a (1). Solutions that 
generate parasitic loads similar to the existing system a (5). Solutions 
that do not generate additional parasitic loads receive a (10)
Camera visibility 
of seal interface 
0.25 Refers the ability for the design to see the seal interface. Designs 
with no ability for the camera to see the seal interface receive a (1). 
Designs with the ability to see the seal interface through material 
receive a (5). Designs with the ability to directly see the seal 
interface from above receive a (10)
Ease of assembly/ 
disassembly 
0.14 Refers to the ability for the design to be assembled and 
disassembled. It can be based on the number of parts used for each 
design. Designs with a higher number of fastening components 
receive a (1). Designs with a mediocre amount of fastening 
components receive a (5). Designs with a low amount of fastening 
components receive a (10)Bearing housing 
design 
0.03 Refers to the ease of designing for the inclusion of bearings that help 
against loads on the system. Systems that increased the number of 
bearings from the original system receive a (1). Systems that kept the 
same number of bearings as the original system received a (5). 
Systems that decreased the number of bearings required received a 
(10)
Manufacturability 0.08 Refers to the ability to make the parts in the design. Designs that 
would require CNC and other high costing manufacturing skills 
received a (1). Designs that required some manufacturing skills, but 
could be done manually received a (5). Designs that required little to 
no manufacturing received a (10).
Human visibility 
of seal interface 
0.19 Refers to the ability for the seal interface to be seen with the naked 
eye. Designs that did not allow for human visibility of seal interface 
received a (1). Designs that allowed for viewing of seal interface 
from an angled view received a (5). Designs that allows for the direct 






Table 11. Weighted decision matrix for pressure vessel 
Pressure Vessel 






























































































































































  Wt.  Wtd.  Wtd.  Wtd.  Wtd.  Wtd.  Wtd.  
                
Reading of torque 
measurement 
0.31 0.31 0.31 1.53 1.53 1.53 1.53 
                
Camera visibility 
of seal interface 
0.25 2.50 2.50 0.25 0.25 1.25 1.25 
                
Ease of assembly 0.14 1.39 1.39 0.69 0.69 0.69 0.69 
                
Bearing Housing 
Design 
0.03 0.28 0.28 0.14 0.14 0.14 0.14 
                
Manufacturability 0.08 0.42 0.42 0.42 0.42 0.42 0.42 
                
Human visibility 
of seal interface 
0.19 1.94 0.97 1.94 0.97 1.94 0.97 
                
Total 0.81 6.83 5.86 4.97 4.00 5.97 5.00 
	
One concept was open-ended side system, with a circular clear window on the top for the tester to see the 
seal interface. This idea did not receive the highest score because it would not allow for a direct view of the 
seal interface from above. The engineer would be required to look at the interface from an angle.  
The closed system with a transparent cylinder gland is another possible solution. This idea would work well 
and eliminate the need for a plug seal on the other side, but it would force the torque measuring system to 
measure the system more indirectly. The measuring system would have to be set up on the motor side, which 
is near where the torque test system is on the current apparatus. The bearing house would also now require 
angular contact and roller bearings in order to keep the system more aligned. While the reading would be 
sufficient in this system, the drawbacks of this design would outweigh the benefits. This type of design 
would not allow for the inclusion of the camera in such a position that it can easily view the seal interface. 
The camera would be required to be mounted on the motor side which means it would need to cut through 
critical structural pieces on the motor side.  
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The closed system with a circular window on top represents the same concept as mentioned in the first 
concept described, however, the operator would be not be viewing directly over the seal interface. The closed 
system ideas without a specific method for integrating the camera received the lowest scores on the decision 
matrix. 
A higher scoring idea is the closed side pressure vessel concept, where the camera is partially in the pressure 
vessel on the stator side. This idea would be complicated because a hole would need to be drilled into the 
vessel and a sealing mechanism would be required for the camera. While the resolution of the photo would 
be improved because of the proximity to the rotor, the assembly of this system could be more complicated 
with additional sealing components. Once again, the circular top window failed in comparison to having a 
clear window all the way around the cylinder in the system.  
Design	Decision	
Given the results of the decision matrix, the configuration initially selected was an open-ended transparent 
pressure vessel and dual-seal design. This design would eliminate the hydraulic thrust bearings because the 
seals would be on both sides of the shaft. This would also allow for a simpler bearing housing design and a 
more suitable orientation for the camera that promotes visibility of the seal interface. The bearing housing 
would theoretically only need angular contact bearings. Moreover, having a clear cylinder around the outside 
allows the operator to see the seal interface directly from above and the camera will be able to be placed 
near the seal interface without having to worry about water or other surfaces that could reflect the lights 
from the probes and ruin the picture. The components of this assembly would also be easy to assemble and 
disassemble when changing the seals, as it would not require an end cap in order to close the pressure vessel. 
In addition to this, it would only require taking out the torque measurement system (including mounting 
components), the camera, and then the seals, and then replacing those components when reinstalling seals. 
A major disadvantage of this system was the inclusion of a plug seal that would need to be placed on the 
motor side of the system. The plug seal could affect the reading of the reaction torque, which would be 
accounted for by the inclusion of the bearing (as stated in the preliminary torque measurement section of 
this report). 
	




The final function of this system is the mobility of the testing apparatus. Currently, Flowserve’s friction 
tester is stationary and only compatible with one support system during operation. The goal is to be able to 
transport the system to other locations within the facility. However, any design for a mobile system can in 
no way compromise its stability during testing. The table below describes the criteria used to evaluate 
possible solutions for the mobility subsystem. 
 
Table 12. Criteria description for mobility function 
Criterion Weight Definition 
Cost 0.11 All concepts were weighed against the current system, which received a 
score of 10. A score of a (1) indicates that the concept was significantly 
expensive, enough to consider immediate elimination. A score of a (2.5) 
reveals that a concept is more expensive, but not enough for immediate 
elimination. If a concept is slightly more expensive, it receives a (5). If a 
concept is less than $100 more expensive than the current system it will 
receive a (7.5) 
Manufacturability 0.15 If a concept is too difficult to be manufactured for the scope of this 
project it receives a (1). A score of a (2.5) indicates that a concept has 
difficult parts to manufacture, but not too difficult to deserve elimination. 
Concepts with parts that can be included with a moderate amount of 
manufacturing time and parts, a concept receives a (5). Concepts with 
little manufacturing receive a (7.5). If a concept can be simply mounted 
with fasteners and bolts it receives a (10). 
Assembly/moving 
time 
0.22 A system that would not allow for assembly/disassembly receives a (1). 
A concept that would take longer than 20 minutes to assemble to system 
and move receives a (2.5). If a concept can be assembled and moved 
within 15 minutes it receives a score of (5). If a concept can be assembled 
and moved in 10 minutes it receives a (7.5). If under 5 minutes, it receives 
a (10).  
Ease of mobility 0.19 This measures the strain put on the operator while moving. For maximum 
exertion or no mobility at all, a score of (1) is given. A score of (2.5) is 
given for concepts with many components that require more attention for 
mobility. A score of (5) is given for a concept that requires some exertion 
from the operator. If a concept requires little exertion from the operator, 
it is given a (7.5). If a concept requires no exertion it receives a (10).  
Stationary while 
testing 
0.33 A score of (1) means that a concept cannot keep the system stationary 
during testing. If a concept can only dampen the movement of a system 
during testing it will receive a (2.5). A score of (5) indicates a concept is 
subject to moderate vibration effects yet keeps the wheels in place. A 
score of (7.5) means that a concept keeps the wheels in place, and only 
has slight vibration effects. A score of (10) indicates a concept keeps the 




As a result of the ideation process aforementioned, four ideas were selected for further research and team 
discussion: threaded rods with friction pads at four locations on the frame, hydraulic foot pegs, portable bolt 
locations within the facility, and keyed legs that would slide into sleeves in the floor around the testing 
facility. All four of these ideas would feature wheels with locking casters, as this was one of the highest 
scoring concepts in the preliminary Pugh Matrix (Appendix B). All four of these ideas were placed in a 
detailed decision matrix to determine the top concept, the keyed leg idea.  
Alternative	Concepts	
Table 13. Weighted decision matrix for mobility function 
Mobility	




















































  Wt. Wtd. Wtd. Wtd. Wtd. Wtd. 
        
Cost  0.11 0.83 0.55 0.11 0.55 0.55 
        
Manufacturability 0.15 1.50 0.75 0.38 0.38 1.13 
        
Assembly/moving 
time 
0.22 0.22 1.10 0.55 0.55 1.65 
        
Ease of mobility 0.19 0.19 0.95 0.95 0.48 1.43 
        
Stationary while 
testing 
0.33 3.30 1.65 1.65 3.30 2.48 
        
Total 1.00 6.04 5.00 3.64 5.25 7.23 
	
The first idea in the decision matrix is the threaded rod with a friction pad. This idea features four threaded 
rods, one at each corner of the frame, which would be raised and lowered when the system would need to 
be moved or remain stationary during testing. There would be friction pads on the end of each rod to provide 
stability during testing. An example of a possible friction pad can be purchased through an online source 
such as MSC Industrial Inc. This concept scored somewhat well in the decision matrix due to the relatively 
low cost given the small amount of materials needed. However, there would be the need to unthread four 
rods every time it was required to move or set the frame.  
The second concept was a hydraulic foot peg that would fit within the frame at each corner of the system 
base and require less exertion to employ. This idea did not score very well in both cost and manufacturability. 
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Hydraulic systems tend to be very expensive, and to design our system to accommodate a hydraulic lift 
would not be economical. 
The last idea that was not chosen is utilizing the current system’s concept of bolting the frame to the facility 
floor. However, we expanded the concept to include multiple bolt locations that would be associated with 
the different support systems at Flowserve’s testing facility. This idea satisfied the criterion that our system 
would be stationary during testing, yet versatile in testing location. It did not score very well in the ease of 
mobility and moving time criteria. In order to move the test system to another support connection, an 
operator would have to unscrew the bolts on each frame leg, then fasten those bolts to a different location.  
Design	Decision	
The highest scoring concept from the decision matrix was the keyed leg with a sleeve in the floor of the 
facility. The basic premise of this solution featured legs with a peg welded on the outsides that were mounted 
on the bottom of the testing system frame. Once the system was in the proper location, those legs would 
slide into a sleeve fixed to the floor through a slot which would fix the apparatus to the floor during testing. 
When the operator wants to move the system, they would simply rotate the leg through the slot, and pull the 
leg out of the sleeve.  
 
Assembly	for	Preliminary	Design	
All of the top concepts chosen in Phase I were integrated into a final torque test system assembly. Since 
accurate measurement of the torque at the seal interface is the primary function, other subsystems were 
designed to be compatible with the chosen torque measurement system. 
 
There were several subsystems that required special attention in their designs moving beyond Phase I. The 
torque measurement system and the design of the pressure vessel with a transparent viewing window are 
closely related from a system integration standpoint. The different components of the torque measurement 
system such as the flange mount, ball bearing, and strain gauge placement were positioned in strategic places 
on the testing apparatus. Since the correct position of those components is paramount, the visual system had 
to be designed around those components. The selected final concept for the vision system utilizes transparent 
material in a place where no torque system components were placed so neither subsystem is compromised. 
 
The torque system and leakage measurement system were also closely examined. The amount of fluid leaked 
between the seal interface and the amount of torque can be related. Therefore, these subsystems were 
analyzed closely so that the leakage measurement concept would not interfere with the flanged housing or 
bearings. 
 
Camera placement was another subsystem that needed to be designed carefully to be compatible with the 
torque system. This was because the proposed concept was to externally mount the camera that would 
protrude into the seal housing through the flange-mount torque measurement device. 
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Figure 18. Isometric Section View of Complete Assembly 
	
Figure 19. Top View of Assembly 
41 
	
Figure 20. Main Testing Section 
Phase	II:	Intermediary	Design	
Upon presenting above designs to Flowserve on March 13, 2014 and gaining approval and critical 
feedback, the subsystems were iterated upon and analyzed. Most subsystems dramatically changed due to 
added requirements and further definition of the project. One of the most dramatic changes was the pursuit 
of digital telemetry for torque measurement acquisition. This concept is described in the background 
research of this document, but was discredited early on because of the proposed budget. However, after 
consulting among the entire team, approval was granted to advance with this method. The resulting design 
changes are detailed by subsystem below. 
Torque	Measurement	
Description	
As a final concept design, a mechanically rigid coupling acts as a torque transducer for the measurement of 
the relative dynamic friction generated between the faces of mechanical seals. The measurement system 
consists of a digital telemetry collar, which is mounted on the hub of the motor side of the coupling, as 
demonstrated in Figure 15.  The collar houses the rotating electronics necessary for transmitting a signal 
from strain gauges, which are mounted on the strain bars connecting the two flanges. Advanced Telemetrics 
International (ATI) will provide the appropriate digital telemetry system, along with the necessary 
calibrations and set-up of the system. ATI specializes in rotating and wireless telemetry systems, and is best 
able to customize the necessary components for this unique application.    
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Figure 21. Coupling mounted on shaft with digital telemetry collar 
Digital	Telemetry	
As mentioned in the background section of this report, telemetry is the wireless transmission and reception 
of measured quantities in order to remotely monitor system parameters. This requires a transmitter and a 
receiver. The transmitter consists of four basic components: the measuring instrument, which are strain 
gauges; the encoder, which translate the measurement into a digital signal; the modulator; and the wireless 
transmitter with antenna, which is a circular ring configuration that surrounds the coupling. The transmitter 
in this application is mounted to the coupling. The receiver also contains four basic components: the antenna, 
the amplifier, the demodulator, and the recording device.  
Measurement 	
Measurement of the dynamic friction is achieved via strain gages mounted onto strain bars that span the 
distance between two flanged hubs of the coupling. For a typical strain measurement of a rotating part, the 
gauges are placed in a Wheatstone configuration. This requires four gauges to be placed a perpendicular 
angles from one another. For this reason, a four or eight-bar configuration was recommended by the 
telemetry system supplier. The strain bars at this stage were composed of 1018 Carbon steel. The main 
contributor in this design decision is the strength that is offered by steel versus a less rigid metal, such as 
aluminum.  Aluminum 6061-T6-T6511 was analyzed in four- and eight-bar configurations, in addition to 
the four-bar steel configuration.  
A general rule of thumb in design for strain measurements is to have a minimum of at least 150 – 350 micro 
strain. The properties of aluminum are such that the low modulus of rigidity increases the strain in the bars, 
as compared to a strain in a steel bar of the same cross section. The disadvantage of aluminum its lower 
strength, which results in a lower factor of safety regarding uncertainties at peak conditions during operation. 
The four-bar configuration of aluminum requires a much higher cross sectional area in order to prevent 
failure.  
The steel 4-bar configuration provides the strength required for this system when operating normally 
between 1000 – 3600 rpm. The lowest calculated strain seen by the each steel bar is 75 micro strain. 
Although it is lower than the recommended design value, this will be sufficient for the detection of strain by 
the gauges.  
Misalignment	Considerations	
Ideally, the strain gauges would only be sensing the strain caused by the torque transmitted through the 
coupling. In order to create a system under pure torsion, features of the shafts and the hub were modified. 
The system contains two shafts – a motor side and a seal side. The motor shaft originally had a step at the 
furthest end for mounting of a thrust bearing, over which the hollow, seal-side shaft is mounted. See Figure 
Telemetry	collar	
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16 for reference. The seal-side shaft experiences a thrust load caused by the water pressure (rated at 200 psi) 
contained within the pressure vessel. Designed axial play in the coupling allows the thrust to travel through 
the seal side shaft to the internal bearing.  
	
Figure 22. Internal bearing between two shafts  
This axial play was achieved through the specification of a close running coupling hub fit, ISO H8/f7, 
specified for the hubs and shafts. Additionally, the key way was specified as an ISO N9/h9 clearance fit. 
Clearance fits do not provide the friction generally utilized in interference fit hubs for torque transmission. 
Gear couplings are a better option for axial misalignment while still transmitting the torque properly. 
However, these are most typically used for medium and large applications, generally exceeding 100 hp. 
Furthermore, flange couplings may be designed precisely enough to provide for an effective and less 
expensive alternative. Gear couplings require special machine equipment, have increased production costs, 
and are less practical for single or low quantity production.  
Torque	Transfer	
Due to the need to transfer the complete torque through both hubs of the coupling, two keys were used on 
each. Shoulders on the shafts themselves would serve to assure that the axial displacement of the coupling 
does not exceed an acceptable amount. In addition to keyways accounting for the axial displacement, other 
misalignments had to be accounted for. The inherent misalignment of the shafts caused by the rotating 
inertias of other components required bearings mounted on either side of the coupling to absorb the motion. 
Typically, one bearing on either side of a rigid coupling would suffice, since this type of coupling does not 
allow for radial misalignment. However, with the added strain bars there are additional deformation planes 
that would allow radial misalignment and strain unrelated to the torque of the seal faces. For the purposes 
of bearing selection, the coupling was treated as a two-flex plane type flexible coupling. Thus, a four bearing 
system consisting of two sets of two bearings each was originally used. The use of two bearings on the seal 
side shaft also served to align the seals properly within the pressure vessel.  
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Fastening	of	Components	
Connection of the two flanges was achieved via hex bolts and hex locknuts through clearance holes in the 
hub flanges and strain bar flanges. Nylon insert locknuts were utilized for vibration resistance and prevention 
of screw loosening. Washers were placed below the head of the bolt as well as the locknut to prevent damage 
to the coupling components during disassembly. A single tube with slots for reducing the cross sectional 
area in the region of strain gauge placement was considered. This would have reduced the number of 
components, effectively reducing the buildup uncertainty that leads to a lower overall reliability. However, 
mounting of the coupling on the shafts would have been more complicated, possibly requiring clamping 
forces or additional setscrews. The use of fastened-on strain bars permits a relatively straightforward 
assembly and disassembly. The bars also simplify the machining practices necessary for fabrication of the 
overall coupling, decreasing production costs.  
Analysis	
Couplings are rated according to critical speed, peak operating stresses, and fatigue due to normal 
operating stresses. Each component has been individually analyzed to account for minimum operating 
conditions at 1000 RPM and maximum operating conditions of 3600 RPM. Please see Appendix D for the 
complete calculations. Table 13 below displays the factors of safety for each component of the torque 
system at the peak operating condition.  
Table 14. Factors of safety for torque transducer at peak operating condition. 
   Factor of Safety
Component Critical Location Yield Fatigue
Coupling Hubs 16.5 6.57





The pressure vessel simulates the temperature and pressure that the seals would experience under normal 
working conditions. The pressure vessel is designed to meet the following customer specifications: 
 200 psi MAWP 
 Working fluid temperature range of 70oF to 200oF 
 Ability to visually inspect seal interface 
 Inclusion of EnviroCam 
The subsystem during this phase was a 3-part pressure vessel with a shell and two end caps that would be 
bolted together. It also contained two mounts for each end of the pressure vessel that would be mounted into 
the table below. The pressure vessel also allows for the integration of the mechanical seals and the 
attachment components onto the pressure vessel. Below is a model of the pressure vessel.  
45 
	
Figure 23. Section View of the Pressure Vessel System. Left refers to motor side; right refers to camera side.  
Design	of	End	Caps		
The end caps of the pressure vessel would be machined from 316-stainless steel. This material was chosen 
because of its ability to resist corrosion well, meaning that if there was any chlorine or other chemicals in 
the water used in the pressure vessel used, the material would not wear down because of it. The left end cap 
would have been manufactured for integration of the seal assembly, thus this component was designed 
thicker than necessary for the rated pressure. The right end cap would be thicker walled because it needed 
to be able to contain the o-rings for the camera and the probes. In addition to this, where the shell is located, 
there would be slots placed inside in order to add o-rings to create a seal between the shell and each of the 
end caps. Lips were made on both end caps to hold the shell in between the two end caps. On the outer edges 
of the shell, 4 x 7/16 inch clearance holes would be drilled out in order to fit bolts through to hold the 
pressure vessel together.  
46 
	
Figure 24. Left end cap: hole is for inserting shaft. 
	
	
Figure 25. Right End Cap: holes for camera and probes not shown. 
The stress on the end caps was calculated using thick-walled pressure vessel formulas because part of the 
end caps act as a shell for the pressure vessel. The radial, hoop, and longitudinal stresses were calculated 
and combined into a single Von Mises stress to determine the safety factor for yielding. 
 
Fatigue was calculated using a maximum temperature of 200oF and a varying pressure between 0 psi to 200 
psi MAWP. A reliability factor of 99.99% was assumed and the surface condition was considered as 
“machined”. In addition to this, a stress concentration value of 3 was assumed because it is considered a 
generally accepted value.  This is to determine how many cycles it would take before the system fails. The 
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design criterion used for the safety factor was the ASME-Elliptic and the modified-Goodman criterion was 
used to determine the number of cycles the system would last.  
 
Table 15. Analysis results for the pressure vessel end caps. 
Dimensions 
di, inner diameter (inches) 4.25 
T, thickness (inches) 1.125 
do, outer diameter (inches) 6.5 
P, Design Pressure (psi) 225 
Tmin, (°F) 70 
Tmax, Design Temperature (°F) 250 
Stresses on the system 
σx (psi) 168.02 
σΦ (psi) 561.04 
σr (psi) -225 
σthermal (psi) 44.80 
σth + long (psi) 212.83 
Kf, stress concentration 3 
σe (psi) 682.21 
Material Properties 
Yield (psi) 35,000 
Tensile (psi) 85,000 
Young’s Modulus, E (psi) 28000 
Alpha (in/in*°F) 0.00000889 
Safety Factor 
Yield Safety factor 41.5317379 
ASME-Elliptic Safety Factor 7.80224216 
N, based off Mod-Goodman (cycles) 8.84E+09 
	
Calculations for each of these values can be found in Appendix D. 
 
In terms of manufacturing, machining this material is more difficult because of its ability to work harden. 
316 stainless steel hardens through cold working and increases the strength of the material. Therefore, this 
could cause the material to become stronger as the tool is cutting through the part. This would lead to lower 
machining speeds and feed rates in order to not heat up the part too much.  
 
Design	of	Shell	
The shell of the pressure vessel was to be made from polycarbonate Lexan, and would be just under 2 inches 
thick. This was because the stock material sold for polycarbonate is only 2 inches thick. Polycarbonate Lexan 
was chosen because of its ability to bend and not break. Polycarbonate will simply deform instead of 
shattering if it is impacted. This was considered beneficial because it would provide more safety than a 
material such as acrylic, which shatters under extreme loading In addition to this, the holes for the bolts 
would not be going through the material because this would increase the stress concentrations in the weaker 
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material. Below is a FEA model of what the stress concentrations would be if there were bolts going through 
the material. 
	
Figure 26. Abaqus analysis of bolt holes in polycarbonate pressure vessel shell. 
As seen above there are stress concentrates within the bolt holes. Thus the design was changed in order to 
eliminate those stress concentrations. 
 
	




The safety factor for yielding and fatigue for the actual shell without the holes is provided below.  The design 
pressure was increased by 25 psi from the MAWP and the design temperature was increased by 50oF based 
on design suggestions from Table 1-4 in the Pressure Vessel Design Manual that references the 2010 ASME 
Boiler and Pressure Code.  The endurance limit for the shell was found to be 1000 psi for 10^7 cycles. Using 
this value and other material property values, the safety factors for fatigue for 107 cycles was found using 
the ASME-Elliptic criterion. The results are shown below. 
  
Table 16. Analysis results for pressure vessel shell. 
Dimensions 
di, (inches) 4.25 
T (inches) 0.5 
do, (inches) 5.25 
P, design pressure (psi) 225 
Tmin, (°F) 70 
Tmax, design (°F) 250 
Stresses on the system 
σlongitudinal, (psi) 427.7961 
σhoop, (psi) 1080.592 
σradial, (psi) -225 
σthermal, (psi) -1018.16 
σthermal + longitudinal, (psi) -590.369 
Material Properties 
Yield, (psi) 9,000 
Ultimate, (psi) 9,500 
Young’s Modulus, E (psi) 377098 
Alpha (in/in*°F) 0.000015 
Safety Factor 
Yield Safety factor (S.F.) 5.915055 
ASME-Elliptic S.F. (for 107 cycles) 1.306 
 
 
It shall be noted that the safety factor for fatigue is 1.306, which appears low. However, this calculation is 
rated for 107 cycles. This amount of cycles exceeds the usage of this system; therefore there was nt concer 
for the shell failing in fatigue. Calculations for this can be found in Appendix D. 
 
Table	Mounts	
The table mounts were to be two sheets of welded low carbon steel. The top plate had the same bolthole 
pattern as the pressure vessel end caps, along with the center of the plate milled out. This was to allow the 
shaft to go through it on the left side and the camera and probe holes to be drilled in on the right side. On 
the bottom plate of each mount would be two 9/16” clearance holes in order to fit bolts through those holes 
and secure it to the table.   
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Figure 28. Mounting plate for each end cap. 
EnviroCam	
During this stage of the design process, it was decided that the ports for the camera and the probes provided 
by Flowserve would not be machined into the system. The camera was custom designed by Envirocam to 
be installed in a vertically orientated system to view the seals along their circumference. Therefore, the 
camera must be tested to determine the proper angles and distances from the seals. The test includes placing 
the seals on a lathe collar and the camera and probes on the carriage to test for the correct attack angle for 
the probes and distance from the seals to capture the best image.  
Pressure	Vessel	Component	Integration	
The pressure vessel consisted of 4 bolts and nuts, 2 end caps, 1 shell, and 2 mounts with fasteners for the 
table. There were four 7/16 -14 UNC bolts and heavy hex nuts -ASTM A194 were used in order to fasten 
the shell and end caps together. These bolts would have been torqued to approximately 75 in-lbs. in order to 
seal the pressure vessel effectively without overdrive of the bolts. Hex nuts were used as opposed to nylon 
insert lock nuts because the system needs to be taken apart and put back together often with the changes in 
each seal. The mounts would be held onto the pressure vessel using the same bolts and mounted to the table 
as well using 9/16-18 bolts and nylon insert lock nuts. Lock nuts were used here because there of thev 
vibration coming from the mobile table, and the nylon would prevent loosening. The shaft coming into the 
pressure vessel will be inserted in from the left side and attachment components for the seals will be made 
in order to mount the stator onto the left end cap and the rotor onto the end of the shaft. Two holes were 
drilled on the right end cap in order to filled the pressure vessel up with water and allow for the release of 
the air inside. The hole on the left end cap was for leakage capturing. The transparent shell would allow for 
the viewing of the pressure vessel and holes would eventually be added on the right end cap in order to 
incorporate the camera.  
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The original concept defined for the Preliminary Design Report was determined to be excessive upon further 
consideration. This was due to the desire for a standalone system, and concerns of the container overfilling. 
Addressing these concerns led to a new measurement system equipped with a self-draining system. A solid 
model of the final concept is shown in Figure 31 below, followed by an explanation of the design choice. 
 
	
Figure 31. Detailed model of leakage measurement system.  
 
The measurement of working fluid leaked during operation will be accomplished through a digital scale with 
a resolution of 0.01g that output the reading through an RS232 connection. The leakage is drained into a 
500mL container mounted on the weigh plate of the scale. The measurement data is recorded by the DAQ 
throughout each test. A self-draining system will be implemented to protect against container over-fill. As 
detailed below, once a maximum safe-fill volume is reached, DAQ will actuate a solenoid valve that will 
empty the weighing container fluid into a secondary container until a minimum pre-fill volume is reached, 
at which point the valve will close again. 
 
As modeled in the figure, the container has a barbed hose fitting attached to it, from which a clear vinyl tube 
spans between the container and the solenoid valve. Another fitting is placed on the outlet of the valve fitted 
with a tube to drain to the secondary container.  
 
The scale will be positioned on a shelf inside the frame under a hole in the tabletop upon which the testing 
apparatus is mounted, below the leakage port in the pressure vessel. In order to provide a more reliable path 




The solenoid valve is mounted separately from the scale and container in order to avoid permanently 
attaching it to the scale for future maintenance. An L-bracket was to be used to mount the valve, where the 
valve would be attached via epoxy in the manner shown, with the inlet and outlet vertical, the inlet on top. 
Holes were to be drilled in the shelf where the bracket will be mounted, using small bolts and nuts through 
the bracket. Beneath the outlet hole for the valve would be another hole in the shelf inside the cabinet for 
another clear vinyl tube to attach to the fitting and lead into a secondary container, such as a bucket. 
 
The mass measurement of the leakage is output through an RS232 cable to the DAQ were it is converted 
into a volumetric flow rate of the leakage through an internal code algorithm based on an assumed water 
density value and time measured from the beginning of the test. The mass measurement will also be used 
for the self-draining system. The maximum safe water volume will be found, and the mass measurement 
from this measurement will be calibrated into the code of a controller, which in this case will also be the 
DAQ. In normal testing, an output of this mass will cause the controller to send a voltage to the solenoid 
valve in order to open it for the fluid to drain through it out of the container on the scale to the secondary 
container. 
 
To account for the mass overhanging the scale from the tube to the solenoid and the water filling it, the 
container will be pre-filled with water. Doing so will fill the valve and tube so that the overhanging mass 
will not change over the course of the container filling and will be included in the zeroing of the scale. 
Additionally, during the self-draining operation, the solenoid valve will be closed once the pre-fill’s mass is 
reached and returned to the controller. 
Component	Selection	
Each component was chosen based upon a balance between utility, versatility, and cost. With the desired 
resolution (0.01g) and an output port, the digital scale is the most expensive component of this subsystem. 
Care was taken to ensure that the output was going to be appropriate for a DAQ system, and a list of scales 
that had a 0.01g resolution and a RS232 port was compiled: 
 
Table 17. Components of leakage detection system. 
Scale Limit Price
Precision Scale BTA200 200g $389.00
Tree HRB 3002 3000g $229.95
MyWeigh iBalance 601 1000g $199.95
 
The MyWeigh iBalance 601 was chosen because of its low cost and reliability (according to user reviews) 
and comes with a 30-year manufacturer’s warranty. It has a 1000g mass limit, which is more than enough 
to support the container (131g), the fitting in the container (91g), and the extreme case of 500mL (500g).  
 
A volume of 500mL was originally chosen for this application because it would not require use of the 
draining system very frequently (which causes discontinuity in mass measurement during emptying). The 
next criteria for selection was to provide container with a wide enough mouth for capturing the seal leakage 
while minimizing any splash that may occur. The Nalgene Polycarbonate Straight-Side Wide Mouth Jar was 
chosen for its volume, geometry, and low weight. 
 
An appropriate valve for this system would accommodate a low pressure, would be small enough to mount 
with the system, and would be easily compatible with the DAQ/controller. It was discovered that small 
electrically actuated solenoid valves were most suitable. The U.S. Solid 1/4” Electric Solenoid Valve (12V 
Air, Water) was chosen based on its low minimum and maximum pressures, small geometry, easy 12 volt 
DC power connectivity, its normally closed operation, and low cost.  
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A premade L-bracket was chosen for simplicity. Permanently mounting the solenoid to the bracket would 
allow the assembly to be mounted anywhere below the bottom of the container. 
Pseudo	Code	for	System	Controller	
 
The following code is a sample of the original logic that would be necessary to input in LabVIEW so that 
the leakage measurement system can perform under its design specifications:  
 
> Test start  Record initial mass, tare scale, start measurement recording 
> Divide mass measurement by 998.2kg/m3 (assumed water density at 20°C – about room temperature) 
> Volumetric flow rate to different usable values – populate a table with mL/sec, mL/min, L/sec, L/min, 
etc. 
> If: m = maximum volume mass 
 > Then: Vsolenoid = 12V 
 > Until: m = 0.00 
 > Then: Vsolenoid = 0V 
> End 
> Stop recording at end of test 
 
Maintenance	and	Repair	Considerations	
Maintenance of this system was intended to be minimal. At the beginning of each test, the primary container 
would have to be emptied and an appropriate amount of prefill water would have to be added for the scale 
to be calibrated properly. The secondary container will require emptying as well, and all components would 
need to be sufficiently dried of any excess moisture.  
 
In terms of repair, the system was designed to have individually replaceable parts. The scale has a small 
possibility of failure in events such as an electrical short from water contact or excessive vibration. At such 
a point of failure, the scale would be sent in for repair or replacement under warranty. The other components 
are inexpensive enough to warrant replacement over repair.  
	
System	Frame	
All components must be adequately supported by a frame that must be mobile. The mobility function is 
discussed in the next section. Designing a frame that properly supports all the weight is important for two 
main reasons: the safety of those operating the system, and the validity of the torque measurement. The total 
weight of all the components that will be mounted on top of the frame is approximately 320 lbs, the weight 




Figure 32. Model of assembled cabinet. 
Functional	Description	
The final assembly during this stage of the design with all members, casters, panels, etc. can be seen in 
Figure 32 above. There are many components that are assembled in this system. Individual parts can be 
viewed in Appendix B. The frame must be manufactured in a precise order to achieve the desired result.  
 
The first part of this assembly to manufacture was the skeleton of the table using the structural members. 
Referring to Drawing #FA07, seam weld members 1, 2, and 3 around the mitered corners while they are 
held in place by a jig to ensure they remain square. After those are welded, member 4 was to be inserted to 
complete the bottom square of the frame. Next, the top of the frame would be constructed in a similar fashion 
to the bottom square with some additional members. Before completing the square, a tack weld would be 
needed in member 8 in the location annotated in Drawing #FA06. Next, tack welds for members 9 and 10 
in their respective locations would be completed. The top square would then be seam welded to member 11. 
After the square was completed, there would members 8, 9, and 10 would be finished with vertical fillet 
welds. 
 
The vertical support members could then be added to the bottom square. Referencing Drawing #FA05, 
members 12-15 were specified for fillet welds on the corners so that their faces were flush with the outside 
faces of the bottom square. Fillet welds on the top square to the top of the vertical members would again 
ensure that the outside faces are flat with each other. All structural members can be seen assembled in 
Drawing #FA04. The table would be welded to the top face of the frame by first lying a 3” fillet weld around 
all the corners with the table centered as shown in Drawing #FA03. The handle would then be welded to the 
motor side of the frame.  
 
The caster and floor lock plates would be welded in the prescribed locations as shown in Drawing #FA02. 
The hinges and stay magnets would be fastened the hinges and stay magnets in the proper locations as shown 
in Drawing #FA02. The doors and side panels could then be fastened to the frame.  
 
Once the frame is completed, all tabletop components would be fastened in the prescribed hole locations. 
The final assembly can be seen in Drawing #FA01.  
Analysis	
If any sort of deflection or weak point in the frame occurs, this could lead to failure of the frame’s ability to 
withstand the weight for an extended period of time. This concern was alleviated after some simple 
calculations. The primary calculation was to check for the buckling of the vertical supports using Euler’s 
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Formula for column buckling. Analysis showed that if 
2”x2”x1/4” steel square tubing was used, the critical load 
to cause buckling is approximately 250,000 lbs. Our 
system will not be experiencing loads anywhere near that 
magnitude. Therefore, the vertical supports can easily 
support the weight on the top of the table without any 
concern of buckling occurring during the lifetime of the 
system.  
 
As noted throughout this report, the primary goal of this 
project is to provide Flowserve with a system that can 
provide to most accurate measurement of the torque on 
the seal interfaces. In order to maintain that goal, the 
supporting members of a frame must be selected and 
assembled in a manner that would allow minimal deflection, on the order of thousandths or even ten 
thousandths of an inch. The figure at right shows the skeleton of the frame that would be designed for this 
system. As aforementioned, 2”x2”x1/4” steel square tubing is used as supports, which would be welded 
together. Three different members were analyzed to check for deflection. These members were modeled as 
simple beams using the beam deflection equation in Shigley’s Mechanical Engineering Design textbook. 
The results are documented in the following tables showing the properties of the three segments, as well as 
the distributed load on each member. For the full calculation, please see Appendix D. 
 
















































321.411 12 26.784 0.912 29 -0.00027 




The support members were specified as 316 S.S. square tubing. The strength of steel and its many 
applications in industrial environments made this the best selection for supporting and protecting the overall 
system. The tabletop was a 4’x4’x1/4” A36 steel plate. These two materials would be very expensive to 
purchase, however, Flowserve has material on site that is at our disposal for this project which would 
drastically reduce the cost of the frame. The casters are steel with a zinc-plated finish resting on cushioned 
polyurethane wheels. The weight capacity of each caster is 500 lbs. The panels enclosing the frame are 20 
gauge steel 0.0359” thick. This material is the industry standard for enclosing any table or frame. It is 
lightweight and inexpensive, and there will be no load acting on these panels so its strength will not be called 
into question.  
Safety	Considerations	
In order to ensure the safety of those operating the system and the safety of the components, the frame would 
have to be assembled as shown in the attached manufacturing drawings. The frame must only be used for 
the designed intent. Using it for any other function not specified in this report could lead to failure of the 
frame and/or damage to the components as well as injury to any operator. It is important to make sure that 
casters are unlocked and floor lock is disengaged when trying to move the frame. If any of the locks are still 
engaged, forced movement of the frame could result in damage to the components aforementioned or the 
components in the whole system.  
Mobility	Function	
The final component of this system is the mobility of the testing apparatus. Currently, Flowserve’s friction 
tester is stationary and only compatible with one support system during operation. The goal is to be able to 
transport the system to other locations within the facility. However, any design for a mobile system can in 
no way compromise its ability to remain stationary during testing. The table below describes the criteria 
used to evaluate possible solutions for the mobility subsystem. 
 
As a result of the ideation process aforementioned, four ideas were selected for further research and team 
discussion: threaded rods with friction pads at four locations on the frame, hydraulic 
foot pegs, portable bolt locations within the facility, and keyed legs that would slide 
into sleeves in the floor around the testing facility. All four of these ideas would 
feature a caster configuration with swivel and rigid casters from McMaster-Carr as 
seen in the figure at right since this was one of the highest scoring concepts in the 
preliminary Pugh Matrix (Appendix B). All four of these ideas were placed in a 
detailed decision matrix to determine the top concept, the keyed leg idea.  
 
Further	Evaluation 
Even though the decision matrix pointed to the keyed leg solution as the highest 
scoring concept, the team did not believe this was the best option to include in the 
final design for this phase. The concept with friction pads was a very simple 
solution, however there was the issue of time needed for the operator to engage 
those pads. Ideally, some kind of mount or floor lock that could be activated with 
a foot pedal would be the best solution. McMaster-Carr supplies floor lock mounts 
for carts that are engaged by a foot pedal, as seen in the figure to the right. This 
floor lock is plate mounted to the underside of a cart or table to be placed in 




Figure 34. Caster wheels 





The combination of the foot pedal floor lock and caster configuration 
was the best concept for the team to incorporate in the final design of 
the mobile frame. As seen in Figure 36, the frame would feature two 
rigid casters on the left side, where the push handle will be located, with 
two swivel casters in the front to provide the ability for one operator to 
easily transport this frame anywhere within Flowserve’s facility. This 
satisfies the customer requirement that this system could be used by 
various support systems in the testing area. The casters and floor lock 
are plate mounted. Mating plates would need to be manufactured for 
welding to the underside of the frame so the casters and floor lock can easily 
bolt into those plates.  
Data	Acquisition	System	
Several of the subsystems of this project require the use of a data acquisition system (DAQ). In particular, 
the seal torque measurement, the measurements of the pressure and temperature inside the vessel, and 
measurement of the seal leakage. In the case of the leakage system as well, a controller is needed, which 
most data acquisition systems can serve as. 
 
	
Figure 37. Simplified block diagram of DAQ setup. 
The above figure shows a simplified block diagram of the inputs and outputs of the data acquisition system. 
There are four sources of data to be recorded as noted above, including the digital telemetry signals from 
the strain gauges of the torque measurement device, digital input from the scale in the leakage measurement 
system, and analog voltage input from the pressure transducer and the thermocouples in the vessel. There 
are two needed outputs from the data acquisition system, the first to the monitoring computer, which will 
aid in compiling the information and controlling the system, and an analog voltage output to the solenoid 
valve included in the leakage measurement system. 
 
 
Flowserve has made several data acquisition system hardware pieces available to the team. Out of what has 
been offered, two separate systems can be built, one with National Instrument’s Compact FieldPoint 
Figure 36. Cabinet with testing 
apparatus. 
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programmable automation controller, and another with National Instrument’s X-Series multi-function data 
acquisition. Both systems can satisfy the needs of the project. For size and hardware value reasons, the X-
Series system has been chosen to integrate the project.  
 
	
Figure 38. Wiring diagram for NI X-series DAQ setup. 
 
The figure above is a simplified wiring diagram of the data acquisition system using the National Instruments 
X-Series USB hardware. As can be seen, the controller for this system is the personal computer (shown on 
the right), rather than the data acquisition hardware itself, as would not be the case with the Compact 
FieldPoint system.  
 
The torque measurement, communicated as a digital signal, along with the vessel pressure, transmitted as 
an analog voltage via the vessel’s pressure transducer, will be compiled by the NI USB-6343 chassis, which 
will then communicate both signals to the PC via Universal Serial Bus (USB). The PC will also be the 
controller required for the self-draining function of the leakage measurement system. When the maximum 
container volume is detected, an analog voltage will be sent to the solenoid valve through the USB-6343 
module. All connections on the 6343 module excepting the USB output for the PC are made through screw 
terminals.  
 
A separate module is required for the temperature readings output by thermocouples. In this case, a 
National Instruments 9213 thermocouple reading module connected to an NI USB-9162 Carrier will be 
used. Up to 16 thermocouples can be read by the 9213, although we will only be using two: one for 
measuring the temperature of the working fluid inside the pressure vessel, and the other for measuring face 
temperature of the mechanical seal. The USB-9162 Carrier is required for the 9213 module to convert its 
output to USB, which will be communicated by cable directly to the PC.  
 
The RS232 output of the scale from the leakage measurement system is to be converted to USB output in 
order to be communicated to the DAQ PC. This is achieved through a cable with a converting chipset, 
with one end being a male RS232 serial port, and the other a USB port. An appropriate cable has been 
selected, based upon versatility, length, customer reviews, and cost.  
 
All inputs to the PC will be controlled within the running environment by National Instruments LabVIEW 
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software. All hardware has been verified to be compatible with LabVIEW, as has the software’s ability to 
control the entire system through both customer reviews and phone conversations with applications 




The model of the completed system is shown in Figure 33. As seen in the picture, the motor would be 
mounted to the table with the pressure vessel and the coupling above. Inside of the structure, there is the 
leakage measurement system.  
 
	
Figure 39. Front view of integrated system. The right door panel is made transparent to illustrate the placement of the leakage 




Figure 40. Isometric view of table 
	
Figure 41. Cross sectional view of the top of the system 
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Couplings are rated according to critical speed, peak operating stresses, and fatigue due to normal operating 
stresses. Each component of the concept design in Figure 42 was initially analyzed without engineering 
software. The analysis accounted for minimum operating conditions at 1000 RPM and maximum operating 
conditions of 3600 RPM. Please see Appendix D for the complete calculations. The results showed that the 
strain bars would experience sufficient strain while the system was in operation. After further evaluation 
using finite element analysis with the computer program Ansys, it was discovered that an incorrect 
assumption was made regarding the way the bars were twisting. This lead to skewed results for the strain 
calculation. Design changes were made to the coupling in order to remedy this error; more specifically, to 
the strain bars as seen in Figure 43. An exploded assembly view of the revised coupling is shown below in 
Figure 44.  
         












Figure 44. Exploded assembly view of modified coupling design. 
The original material selected was 1018 Carbon Steel due to the need for a rigid material based upon the 
expected stress from the previous configuration and subsequent analysis. With the new knowledge and 
orientation of the strain bars, a more ductile metal was able to be selected. Grade 5 Titanium is not only 
capable of withstanding the operating loads, its expected equivalent elastic strain was 317 microstrain based 
upon a maximum load of 50 in-lb. This value falls within the range discussed previously of 150 - 350 
microstrain. Thus, the strain gauges used in conjunction with the digital telemetry system are better able to 
detect the deformations and produce a more accurate reading. The results of the Ansys analysis for the 
coupling are found in Appendix E1, and the results for the strain bars are summarized in the table below.  
 
  




Table 19. Results of the Ansys analysis for modified coupling 
Material Data: Grade 5 Titanium Steel 
Young’s Modulus, E (x107 psi) 1.65 
Tensile Yield Strength (x105 psi) 1.35 
Tensile Ultimate Strength (x105 psi) 1.55 
Compressive Yield Strength (x105 psi) 1.35 
Analysis 
Applied Torque 50 in-lb 
Von Mises Stress 5.22 e4 psi 
Elastic Strain 3170 in/in 
 
The figures below show the stress concentrations and areas of most extreme strain within the coupling due 
to 50 in-lb of applied torque.  
	
Figure 45. Stress concentration using Von-Mises stress when the coupling is subjected to 50 in-lbs. of torque 
	




Figure 47. Strain concentrations 
Pressure	Vessel		
The previous pressure vessel consisted of three main components: one shell made of polycarbonate Lexan 
and two components (referred to as glands) made of steel. The new design has eliminated the polycarbonate 
shell and has added in a sight glass for viewing the system. It consists of a primary gland, a secondary gland, 
a sight glass cover, and the sight glass. Flowserve's mechanical seal fixture components resides in the 
pressure vessel. The pressure vessel design was changed due to manufacturability of the component and 
industry standards regarding pressure vessels. After discussions within the company, Flowserve determined 
that it would be more prudent to go with a proven concept for the pressure vessel made of 316 stainless steel. 
This was decided despite calculations indicating a large factor of safety on the pressure vessel with the 
polycarbonate Lexan shell. In addition to that, Flowserve decided to incorporate the axial sight glass that 
had been previously discussed during the conceptual design phase.  
 
 
Figure 48. Pressure vessel old vs. new design 
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The changes reduce the length and outer diameter of the pressure vessel, allowing it to be a smaller size than 
when it was initially designed. The overhang of the pressure vessel is greatly reduced and the new design is 
safer from an ergonomic standpoint. Additionally, if Flowserve decides to use their high-speed camera from 
Envirocam (discussed in the preliminary design phase) they would be able to easily modify the secondary 
gland to accommodate for this.  
The mounting of the pressure vessel is done with the same pillow block mounts concept as previously 
discussed. The design consists of square tubing and a machined L-bracket to be bolted into leveled the sides 
of the primary gland.   
 
 
Figure 49. Modified pressure vessel design 
In order to incorporate the new design, quantitative analysis was performed for each of the components. The 
calculations were completed through use of Flowserve’s pre-programmed Microsoft Xcel spreadsheets for 
analyzing pressure vessels. The spreadsheets use Roark’s formulas for stress and strain (These same 
equations were used in the previous pressure vessel analysis). The material properties used for the 
calculation are from the Aerospace Specification Metals Material Data Sheet.  The maximum combined 
shear stress found on the thinnest outer wall (Primary Gland) using the thick walled cylinder stress 
calculations were found to be only 474 psi, which is well below the yield stress for 316 stainless steel of 
42,100 psi. In addition to this, endplate calculations made on the thinnest section (Primary Gland) was found 
to have a safety factor of 10.1. Bolts used on this pressure vessel were the same as the ones presented during 
Phase II of the design development. However, due to Flowserve’s industrial safety standards, 6 bolts will be 
used instead of 4. Calculations regarding all of these components can be found in Appendix E.   
The Primary Gland consists of 6 bolting holes for the secondary gland. It also contains an inlet port (at the 
top) and an outlet port (at the bottom) for water to cycle through the system. Another hole is also made 
external of the pressurized section in order to capture the leakage from the system. 
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Figure 50. Labeled section view of the internal pressure vessel and seal assembly 
Structure	and	Supports		
The structural supports of all of the components were redesigned during this final phase of the design 
development. External bearings on the motor side shaft and internal bearings on the seal side shaft were 
necessary. The primary goal of the external bearing was to reduce noise and friction torque while providing 
angular guidance, preventing misalignment. The internal bearing arrangement serves to reduce the thrust on 
the coupling from the pressure vessel, ultimately reducing noise in the torque measurement. After extensive 
research and consideration on the many types of bearing and their applications, a configuration was decided 
upon. The bearing housing support assembly mounts to the base plate and the ends of the housing. Pillow 
mounts support the pressure vessel via a flat surface along two sides of the circumference. These 
configurations can be seen in the figures below. 
 
Ansys finite element analysis was performed on the structural components supporting both the bearing 
housing and the pressure vessel. The results are listed in the table below, and the figures provide a visual 
depiction of the stress and strain. The design of the supports was determined to be adequate based upon the 
material properties of carbon steel.  
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Table 20. Results from analysis on structures and supports for bearing casing and pressure vessel 
Material Data: Structural (Carbon) Steel 
Young’s Modulus (x107 psi) 2.90 
Tensile Yield Strength (x105 psi) 3.63 
Tensile Ultimate Strength (x105 psi) 6.67 
Compressive Yield Strength (x105 psi) 3.63 
Analysis 
Applied Load (lbs.) 1600 
Pressure Vessel 
Von Mises Stress (x104 psi) 1.20 
Total Deformation (in/in) .00126 
Pressure Vessel 
Von Mises Stress (x103 psi) 4.52 
Directional Deformation, x (in) .003323 
	
Figure 51. Equivalent (von-Mises) stress acting on bearing casing and pressure vessel when subjected to the maximum load the 
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bearing housing and pressure vessel. 
	





Figure 53. Bearing casing mount deformation when casing is loaded in –x direction on the right side. The casing has been made 
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transparent for this figure 
	
Figure 54. Bearing casing equivalent stress. Loading case is the same as figure 53. Case has been made transparent in this figure 
Leakage	Measurement	
The leakage measurement system underwent several design changes, but the concept remained unchanged 
as well as a few of the components. The MyWeigh iBalance m601 digital scale was purchased and is used 
in the final system. The solenoid valve is also being utilized.  
However, the valve was moved up to the scale’s weigh-plate in order to minimize the hose length and the 
overhung weight on the scale. In order to implement this, a plastic male-male threaded pipe connector was 
purchased. This will replace the threaded hose barb in the beaker, and the solenoid valve is to be threaded 
into it on the opposite side.  
Concerns were expressed regarding the trigger for the draining function. It was decided that depending on 
the mass measurement output from the scale for this trigger could prove unreliable. Thus, a secondary 
triggering device was needed. Two options were considered that would fit the need for the system: float 
levels and optical sensors. The float level switches use buoyancy to create the 
event: the charged magnet floats upward within an enclosing cylinder upon 
water reaching it, and the change in the voltage induced triggers the switch. The 
optical sensor functions via a photo-transistor trigger, or photodiode, which 
converts light into small amounts of current; when the amount of light that the 
sensor is subject to is changed, the current (which is detected by the data 
acquisition system) changes and triggers a switch within the control logic of the 
system. While cheaper, the float level was too large for system constraints. 
Therefore, an optical sensor was chosen. A Honeywell LLE101000 is shown in 
Figure 54.  
 
The polycarbonate material was inappropriate for machining purposes. To accommodate the necessary 
modifications of the container and as well as the incorrectly sized weigh plate of the digital scale (which 
proved too small for the beaker and solenoid valve), a holding plate was also designed. In order to minimize 
corrosive effects from the water, the materials of both are 6061 aluminum. The material chosen is also light 
Figure 55. Optical sensor from 
Honeywell 
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enough to avoid reaching the maximum weight limit of the scale. The holding cylinder is now 5 inches tall 
and has an internal volume of approximately 550mL. There are machined and tapped holes for the both the 
optical sensor and the threaded pipe for the solenoid valve connection. Two holding plates were initially 
designed: one of machined Delrin and the other of sheet metal with 90 degree tabs, both holding position of 
the holding tank and solenoid valve on the weigh plate. Because of ease of machining and access to a sheet 
metal laser cutter, the sheet metal option was chosen. 
 




Figure 57. Delrin mount plate
 
Figure 58. Sheet metal mount plate. 
Motor		
The motor was changed from a 5 hp motor to a 7.5 hp motor. This change was made to allow for an increase 
in the horsepower needed to drive the seals. It allows for a more versatile test system, allowing the system 
to test various types of micro features created on the seals. The selected 7.5hp Baldor motor is shown below 
in Figure 58. 
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Figure 59. Baldor 7.5hp motor. 
Table		
Rather than purchasing material for the table frame and spending time and money on labor building frame, 
it was decided to purchase an industrial cart to serve as a base support for the testing system. The cart selected 
is a Jamco 3 Shelf Reinforced Mobile Table 24” x 36” and is rated for 4800 lbs. The rating on the table is 
much greater than the weight of the system that will be placed on it.  
 





After implementing all of the design changes described above, a finalized model was created. Figure 60 
below is a section view of the whole system. Figure 61 is a quarter-cut section view to illustrate the 
placement of the seal assembly. 
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Figure 61. Section view of final system. 
	
	




The numbers following each component described below indicated the bill of materials number that can be 
found on drawing XD0219671 in Appendix B.  
Supports	and	Structures		
The base plate (3) of the system is machined from carbon steel with holes drilled for placement of the motor 
mount, bearing casing mounts, and pressure vessel mounts. The bearing casing has two carbon steel 
endplates with bracketed feet (2), while the pressure vessel is supported by carbon steel pillow blocks (47). 
The motor is elevated on a carbon steel mount (1) in order to achieve the height required for shaft alignment.  
Rotating	Components	
There are three shafts present in the final system: the motor (27) shaft, the shaft through the bearing housing 
(35), and the seal shaft (8). The motor shaft is coupled to the bearing housing shaft with a flexible spider 
coupling purchased from McMaster (28, 29). The bearing housing shaft is machined from 410 stainless steel, 
and has various steps for mounting the bearing arrangement and the torque coupling, as well as the shaft 
internal bearing arrangement. The seal shaft is machined from Grade 5 Titanium for increased strength 
necessary due to the hollow nature of the shaft. The seal shaft slides over the bearing housing shaft and rests 
on one ABEC 7, angular contact ceramic ball bearing (40) and one ABEC 7, ceramic ball bearing (6). The 
bearings are held in place with snap rings and shoulders on each of the shafts. The bearing located nearest 
to the seal assembly (component 6) is held in place with a shaft insert (16) that is fastened with a socket 
head cap screw into the bearing housing shaft.  
 
The seal assembly is mounted on the seal side shaft within the pressure vessel. The main assembly 
components are a 316 stainless steel balance insert (26), 316 stainless steel spring holder (10), a rotating 
face (11), a Grade 5 Titanium rotor sleeve (14), a 316 stainless steel shaft insert (16) and a Grade 5 Titanium 
seal sleeve plug (18).  
	
Figure 63. Exploded manufactured assembly view of the pressure vessel and mechanical seal assembly 
	
Torque	Measurement	
The final strain bar assembly (38) consists of two hubs, both machined from 7075-T6 Aluminum, and four 
strain bars. The final design of the bars is shown in the images below. The evenly spaced strain bars are 
machined from Grade 5 Titanium and are located perpendicularly around the rigid coupling hubs. The strain 




and thick washers, which are oriented perpendicular to the center axis. The bars have sections of smaller 
thickness in order to amplify the strain experienced as the shafts are spun and the friction of the seal faces 
induces a torque in the shaft assembly. Strain gauges leading to the digital telemetry collar are adhered to 
the smaller section. The digital telemetry collar is fastened to the motor side flange, and the antenna is 
fastened with a bracket to the side of the bearing housing so that it is able to surround the end of the collar 
that transmits the signal.  
 
Figure 64. Torque measurement coupling on system with ATI Digital Telemetry system 
Changes in the design and the selection of a design criteria for the strain experienced were discussed more 
thoroughly with an engineer at Advanced Telemetrics International to ensure proper assumptions were 
made. A strain gauge output of 0.3 mV/V is needed in order to reliably measure the signal. A larger output 
improves reliability, but substantial improvements plateau around 3.0 mV/V. A design goal was set for 2.0 
mV/V with 50 in-lbs. of torque applied.  
 
Figure 65. Modified strain bars 
In addition to these changes, the coupling hubs are fastened to the shaft via set screws, rather than the 
keyways used in the previous design. The seal side flange is held in place with four dogpoint set screws, 
while the seal side flange is held with 2 dogpoint setscrews. The flanges of the hub have cuts in order to 
fasten the strain bars along the axis of the hubs.  
Pressure	Vessel		
The pressure vessel contains water at 200 psig and simulates the environment experienced by mechanical 
seals in an industrial application. The pressure vessel is custom-designed to a specific seal arrangement, and 
includes a sight glass for viewing capabilities during operation. The shell of the vessel consists of a primary 
gland (41), secondary gland (44), and sight glass cover (51), all made of 316 stainless steel.  
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The primary gland consists of 6 bolting holes to fasten to the secondary gland. It has an inlet and outlet port 
for water to flow in and out of the system from the bottom and out the top. Another hole is also made outside 
of the pressurized section in order to capture the leakage from the system. 
 
 
Figure 66. Section view with flow path of fluid and isometric view of primary gland 
  
The secondary gland contains 12 holes evenly spaced along the face. Eight of these holes are clearance holes 
for the 7/16-14 bolts that will be going into the primary gland. The other 6 holes will be used for another set 
of 7/16-14 bolts that will be holding the sight glass cover. This piece is removable and allows Flowserve to 
develop a new endcap that could contain the high-speed camera from Envirocam. 
 
Figure 67. Front and isometric views of the secondary gland 
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The sight glass used in the system is a 135mm x 25 mm thick Maxos Sight Glass purchased from Glass 
Dynamics, L.L.C. The sight glass is rated for 363 psi and a temperatures of up to 572F. The Maxos 
Specification Sheet can be found in Appendix D. The sight glass cover contains 12 bolt holes: 6 are clearance 
holes and 6 are counterbored holes. The clearance holes are for the bolts used for the primary and secondary 
gland. The counterbore holes are to connect the secondary gland with the sight glass.  
 




The bearing housing (35) and two endplates (32) are machined of 316 stainless steel. Within the bearing 
housing is a dual matched set of ABEC 7 ball bearings (33) and an ABEC 7 radial ball bearing (36). Oil 
ports on the top of the housing allow for proper lubrication and better operation of the system.  
Cost	Breakdown		
The cost requirement in the project proposal was to remain under $10,000. However, due to changes in the 
design more funds were required to deliver on other major requirements. The overall cost of the system 
was $73,500.47, which was approved by Flowserve. The cost breakdown below is broken down between 
six different sections. Section 1 includes all purchased parts and outsourced labor. Section 2 consists of 
Flowserve’s machining costs, engineering support, and raw materials. Section 3 consists of the material 
used for the leakage detection system. Section 4 consists of the material purchased for the Cal Poly 
Calibration Test Mechanism (reference Design Verification). Section 5 includes all Cal Poly student travel 
expenses. Section 6 is Flowserve’s sponsorship fee for the senior project. A more detailed table for the 





Table 21. Total cost breakdown 
#	 Sections Amount1	
1	 Purchased parts, Outsourced labor $ 20,738.26
2	 Flowserve Costs $ 48,378.22
3	 Leakage Detection $     451.79
4	 Cal Poly Calibration Tester Mechanism $       82.20
5	 Travel $     850.00
Total Cost $ 70,500.47
Product	Realization	
System	Manufacturing	
Due to the high tolerance of the parts in the design, Flowserve Corporation employees completed the 
manufacturing of the system.  
Calibration	Tester	
The components for the calibration verification test system were manufactured by the S.E.A.L.S. team at 
the Cal Poly Machine shops. The intermediate shaft was cut from a 0.625 stock carbon steel and placed on 
a lathe where it was faced and turned down to ½” so that it would fit into the clamps and the end was turned 
down to a ⅜” diameter so that the pulley would fit. The component was then cut to length on the band saw 
and then faced for a clean finish. The mount rod was cut from the same rod that was used to cut the 
intermediate shaft. Because both components had to be turned down 4 inches or more, a live centering tool 
was used in order to make sure that the parts would not deflect when they are being cut, as seen in Figure 
67. 
 




The vertical rod was made from 6061 Aluminum faced and turned on the lathe. No live tooling was required 
because the cut that was made on the shaft was a small cut. A die cutter was then used to cut the 5/16-18” 
threading required at the end of the shaft. Figure 68 below shows this process. 
 
 
Figure 70. Machining of the vertical rod 
 
The bracket was machined on the manual mill, shown in Figure 69. A ½” 2 flute HSS endmill was used cut 
the aluminum part from a stock size of 2.5” x 1” x 1.5”. Parallel bars were used to lift the part in the clamp 
so that the part could be cut without any re-fixturing. The holes were drilled using step and pecking drilling 
methods. The hole on the top lip was then tapped so that the vertical rod could be threaded in. 
 
 
Figure 71. Machining of the bracket 
 
The mounting bar was made from a 1” stock steel bar. The bar was cut to size on a bandsaw and then the 





Figure 72. Cutting steel bar to length 
 
The system was then assembled at Flowserve. In addition to this, two washers were added in to the section 








The components for the leakage measurement system were purchased from third-party vendors with the 
exception of the leakage capture container and the sheet metal holding plate. Both parts were machined from 
6061 Aluminum.  
The capture container required several manufacturing processes in order to gain its final geometry. The first 
was to bore the inside diameter to give the solid aluminum billet a holding volume. This was accomplished 
using a lathe and stepping up boring bits to a 1 inch diameter, then cutting the rest of the diameter out with 
a 1 inch boring bar with inter-tool cooling using a quick program on the CNC lathe. This total process 
required 45 minutes of cutting.  
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Figure 74. Cutting diameter of leakage measurement cylinder 
 
After the inside diameter of 3.0 inches was achieved, the outer side of the holding tank was turned and faced 
using the lathe to clean up the part. The cylinder was then loaded in a mill for proper positioning, drilling, 
and tapping of the holes for the ¼ inch NPT nipple and M12x1 optical sensor.  
 
 
Figure 75. Cutting inlet and outlet ports 
The pattern for the holding plate was cut into 0.060 inch sheet aluminum using a laser cutter. Originally, it 
was planned to use a brake press to bend the positioning tabs on the holding plate, but one with the proper-




Figure 76. Finished mounting plate 
 
Thread tape was applied to the threads on both sides of the nipple and it was first securely tightened to the 
solenoid valve, then the two were attached to the holding tank. A brass fitting with a quick-release hose 
clamp was tightened into the other end of the solenoid valve after applying thread tape. The components 
were then lowered into the holding plate, and the tabs were adjusted to tightly hold them. Finally, the tabs 
on the bottom of the holding plate were adjusted to the weigh plate on the scale, and the holding plate with 
the components was installed onto the scale. 
 
 
Figure 77. Assembled leakage measurement system 
In order to minimize the wandering of the leakage measurement system due to the entire testing apparatus, 
anti-vibration pads were selected and purchased. For ease of adjustment later on, the pads were not 




As mentioned throughout the design section of this document, the new tester has been designed to comply 
with all applicable industrial and professional standards. This section discusses safety considerations for all 
who interact with the tester, as well as the safety of the system components.	
	
This system operates with water with conditions up to 200º F and 200 psig from a support system. When 
properly connected to the support system (see operations manual) there should be little concern for failure. 
However, a loose connection at the inlet and outlet lines could result in hot, pressurized water causing injury 
to the user. One must also take care when disassembling the system. Heavy components such as the pressure 
vessel end cap could cause bodily injury if not held properly during disassembly. During testing, it is 
important to slowly ramp up the pressure after assembling the system with a seal configuration. During 
initial testing, the vessel was pressurized to 250 psig to test for failure. There was no failure, nor any damage 
to the system. However, it is advisable to initially pressurize the system with all personnel removed from 
the testing room, in the rare case the vessel end cap was not securely fastened. 	
Given the weight of the system, extreme caution must be taken whenever the system is moved using the 
mobile table. The table cannot be lifted or tipped from exertion by the average human at the top level of the 
table; however, there is a possibility that the table could tip if moved across an even surface. Therefore, we 
advise to only transport this table across surfaces with less than or equal to a 10º grade. 	
	
To protect the integrity of the sight glass of the pressure vessel, it is advised that two persons assist in the 
assembly and disassembly. While disassembling, all parts should be placed on a level, clean surface so that 
parts remain clean and safe. This is essential to maintain the sealing effect within the pressure vessel. All O-
rings should be lubricated before being placed in their proper locations during assembly. The motor should 
be disconnected from electrical power during assembly and disassembly. One final safety consideration is 
also mentioned in further detail in the Further Recommendations section of this report, but it deals with 
operating at the systems natural frequency to prevent severe vibrations of the table. To prevent injury to 
personnel or damage to the components, it is important that all components be securely mounted to the table 
or one of its accompanying shelves. 	
Maintenance/Repair	Considerations	
Motor	
The Baldor 7.5hp motor is encased such that no maintenance is required other than lubrication of its enclosed 
shaft bearings. The manufacturer recommends lubrication every 5500 hours of use, regardless of load or 
speed. At such time, there are two Zerk grease fittings for both bearings to be slowly injected with 0.2in3 of 
grease each. Baldor uses Polyrex made by Exxon Mobil. Upon adding grease, remove grease gun, clean the 
fitting, run the motor for 15 minutes to purge excess grease, and clean the fitting once more. Refer to the 
manufacturer’s manual (attached in Appendix H) for troubleshooting, and replace if problems persist.26	
	
Bearing Casing	
Apart from routine checks of the material of the bearing casing, the oil bath the bearings operate in needs to 
be checked for contamination every three months and changed every year. The bearing manufacturer SKF 
recommends using SAE 25W oil for the bearings selected. Upon excess vibration and shaft misalignment, 





For accuracy, the calibration of the torque sensor needs to be verified annually. To do so, the testing rig used 
in Chapter 6 is to be installed on the shaft and the output on the onboard power supply/multimeter caused 
by loading the test rig is to be compared to the torque calibration data supplied by ATI. The torque sensor 
should be sent to ATI for recalibration if the output is not within 10% of the supplied data. Should the output 




The pressure relief valve, or PRV on the pressure vessel is calibrated to 110% of design pressure, or 220 
psig. The PRV will open and release the system pressure at 220 psig. The calibration of this PRV is 
paramount to the safety of the system and should therefore be checked every month during system operation. 
This is accomplished by installing the PRV to a calibrated pressure system fueled by nitrogen, setting the 




The sight glass at the end of the pressure vessel is made of a material such that its integrity needs to be 
checked at every installation. This is done visually, checking for cracks and other signs of fatigue. Should 




The base plate needs to be routinely checked for cracks and fatigue. Any components mounted to the base 
plate should be tightened every cycle to prevent system misalignment. If components are not routinely 
checked, the system could be misaligned and the alignment should be checked. Should fatigue be apparent, 




Although chosen with a large safety factor, the cart and specifically the casters on it require routine checks 
every month. Signs of fatigue will become visually apparent in the joints and welds, as well as the axle for 
each wheel. The brakes on the casters should be checked for wear by locking them and subjecting the cart 
to vigorous force. In the event of any sign of wear, components should be replaced, whether an individual 




The output of the scale used for the leakage measurement system should be checked every six months. This 
is done with a calibration mass and verifying the output of the scale both on the digital readout and the data 





Engineers at Advanced Telemetrics International Telemetry calibrated the coupling using precise equipment 
and methodology. The certified calibration data may be found in Appendix D. The equipment consists of a 
computer, a gear drive, a DAQ system, and a reference sensor. The computer provides rotational control of 
the gear drive via the variable frequency drive. It also provides the DAQ to measure the applied torque 
through the reference sensor and the output of the test article; in this case, the coupling. The coupling is 
connected between the output of the gear drive and the input of the reference sensor using adapters and 
supports. The reference sensor itself is chosen to match the range of the desired full scale of the coupling. 
  
	
Figure 78. ATI's calibration environment 
Full results from ATI’s calibration can be found in Appendix J. Table 21 provides a summary of the full 
results. Figures 77 and 78 are pertinent plots extrapolated from the data.  
 
Table 22. Summary of calibration results from ATI 
Counter clockwise 
Full Scale Bridge Output -4.148 mv/V 
Worst-Case Non-Linearity 
0.28% Full Scale 
-0.116 mV/V 
Worst-Case Hysteresis 
0.13% Full Scale 
0.05392 mV/V 
Clockwise 
Full Scale Bridge Output 4.546 mv/V 
Worse-Case Non-Linearity 
0.15% Full Scale 
0.0682 mV/V 
Worst-Case Hysteresis 
0.38% Full Scale 































Two tests were performed in order to verify the design objectives and engineering specifications were met. 
The first test had the pressure vessel disassembled; the secondary gland and sight glass cover were removed 
and the shaft was exposed without the seal configuration. A bar was screwed with lock-tight button head 
screws in two of the eight positions for the socket head cap screws to hold the rotor sleeve onto the shaft, as 
well as a socket head cap screw in the center of the bar screwed in where the rotor sleeve is fastened to the 
seal plug. The bar was positioned parallel to the tabletop with holes on either side positioned five inches 
from the center screw. Matched sets of weights on either side created a couple on the shaft, which, when the 
shaft is held in place, should theoretically produce a near constant torque output.  
The goal of this test was to calibrate for different torque ranges. As stated above, the coupling was calibrated 
by ATI when their engineers attached the strain gauges to the coupling, and they supplied results of the 
expected output for respective applied loads. The weight sets were chosen to be similar to the applied loads 
that ATI calibrated, and the output was compared to their expected value. This verified the accuracy of the 
calibration and torque measurement. 
The second test ran the system with all components assembled with a seal in place in order to verify 
environmental specifications as well as torque output precision and accuracy. Data was collected at various 
speeds and pressures in order to evaluate the system. In doing so, the specified temperature, pressure range, 
speed range, and measurement accuracy and resolution were verified. This test is further detailed in the next 






















Given the precision with which the testing apparatus was built, this was not possible. However, a 
measurement was taken at the moment the weights were allowed to hang freely and the shaft had not yet 
shifted in order to gain the most relevant measurement. Once the shaft shifted in the slightest, the reading 
was negligible due to the acceleration of the weights affecting the torque occurring on the seal faces.  The 
results showed the accuracy and precision requirements were within an acceptable range. With this 
knowledge, the testing proceeded on to the full system assembly and testing.  
	




A single subsystem test was performed in order to verify the requirement of collection of leakage from the 
tester and measurement output to a data acquisition computer. This test was done using the digital scale 
connected to the DAQ after the scale was component tested. Water was manually dropped into a plastic 
beaker on the scale while the DAQ collected the measurement output by the scale. The machined aluminum 
holding tank was not used for this test. The mass measurement output was relayed back to the controlling 
computer running the LabVIEW code developed, which is attached in Appendix K. 























Figure 82. Leakage measurement test setup in Flowserve lab.	
Results	
The test proved that the digital scale is able to output its measurement accurately to the data acquisition 
system. Generated from the raw output data, which is attached in Appendix I3, the following plot shows the 
normalized (tared) mass measurement output over time. The sample rate was set at 15 seconds and shows 
water being added into the beaker over the 25-minute test. It should be noted that the data collection was 
manually paused near the beginning of the test for adjustment of the equipment. 
 
	
Figure 83. Scale output over time over collection test. 
 
The code that was developed used the captured mass measurement to calculate the average leakage rate as 
well. The mass measurement is output in grams, which makes conversion to water volume easier because 
one gram is defined as the mass of one milliliter of water. The following plot shows the average leakage rate 
converted to milliliters over time. It is a running average, so the beginning of the plot shows a high leakage 




Figure 84. Running average leakage rate over time of the leakage collection test. 
All of the raw data used to generate these plots is in spreadsheet form is attached in Appendix I3. By 
verifying that the digital scale output the measurement of water being dropped into a beaker on it to the data 
acquisition system, this test confirmed the requirement of the leakage collection and measurement 
subsystem.  
System	Verification	
The system verification test was performed with a flat face quartz rotor and carbon rotor. Data was collected 
at 12 different shaft speed and seal chamber pressure combinations in the following manner:  
 
1. The system was started with controls set for a shaft speed of 1500 RPM and seal chamber pressure 
of 50 psi.  
2. The shaft speed was increased to 2500 RPM and then to 3600 RPM, while maintaining the pressure 
of 50 psi.  
3. The shaft speed was maintained at 3600 RPM while increasing pressure to 100 psi.  
4. The speed was reduced to 2500 RPM and 1500 RPM, while maintaining the pressure of 100 psi.   
5. The pressure was increased to 150 psi while maintaining 1500 RPM.  
6. The shaft speed was increased to 2500 RPM and then to 3600 RPM, while maintaining the pressure 
of 150 psi.  
7. The shaft speed was maintained at 3600 RPM while increasing pressure to 200 psi.  
8. The speed was reduced to 2500 RPM and 1500 RPM.  
 
The data was truncated in order to eliminate the ramp-up and ramp-down data. The time for each respective 
data set was normalized in order to generate useful results for comparison of torque at each pressure, and 
also for comparison of torque for each shaft speed. The following figures and tables demonstrate these 
91 
relationships. During testing, it was discovered that the critical speed of the system for 50 psi and 100 psi 
was just below 2500 RPM. Reaching the critical speed resulted in large vibrations of the entire unit. The 
vibrations were less extreme at this value for 150 psi, but still of noticeable magnitude. This would explain 
the large deviations from the average torque reading at 2500 RPM at each of these pressures.  
It is important to note the discrepancy in noise level on the transmitter supplied by ATI versus the noise 
level shown by the data collected from LabVIEW. The transmitter appeared to experience approximately 
0.05 in-lb of variation when supplied with a constant speed and pressure control, whereas the LabVIEW 
data averages around 0.3 in-lb of noise variation. The disagreement between the two is believed to be caused 
by the wiring of the DAQ system within the Flowserve facility.  
The first set of data was taken at approximately 50 psi for each respective speed. The maximum standard 
deviation for the torque reading occurred for a shaft speed of 2500 RPM. This is most likely due to the 
decline in torque that occurred between 0.5 minutes and 1 minute of data. The other two deviations remain 
below 0.25 in-lb, which was the design specification for torque measurement accuracy.  
 















50 psi, 1500 RPM  
Maximum -9.459 69.277 53.343 1501.3 
Minimum -8.233 68.824 48.435 1491.8 
Mean -8.708 69.052 50.784 1496.4 
Median  -8.695 69.046 50.700 1496.4 
Standard Deviation 0.179 0.114 1.488 1.3 
50 psi, 2500 RPM  
Maximum -6.725 69.830 56.976 2427.4 
Minimum -8.566 69.357 -1.675 2419.1 
Mean -7.870 69.619 46.295 2422.7 
Median  -7.939 69.618 49.358 2422.7 
Standard Deviation 0.327 0.115 12.638 1.4 
50 psi, 3600 RPM  
Maximum -7.100 69.838 46.153 3596.5 
Minimum -8.237 69.220 42.270 3587.1 
Mean -7.589 69.563 43.563 3592.5 
Median  -7.605 69.584 43.543 3592.5 




Figure 85. Plot of torque output from run 1 
 
The first set of data was taken at approximately 100 psi for each respective speed. The maximum standard 
deviation for the torque reading occurred for a shaft speed of 2500 RPM once again. The other deviations 
remained between 0.20 and 0.30 in-lb. This is evidence of a system that meets the design specification of an 
accuracy of 0.25 in-lb.  
 















100 psi, 1500 RPM 
Maximum -12.174 72.274 122.065 1518.4 
Minimum -10.815 72.044 114.216 1509.7 
Mean -11.576 72.163 116.355 1513.3 
Median  -11.617 72.172 116.434 1513.4 
Standard Deviation 0.275 0.056 1.253 1.5 
100 psi, 2500 RPM  
Maximum -10.916 71.342 117.836 2530.1 
Minimum -8.278 71.176 108.852 2522.0 
Mean -9.903 71.256 113.926 2526.2 
Median  -9.965 71.252 113.954 2526.2 
Standard Deviation 0.422 0.039 2.192 1.2 
100 psi, 3600 RPM 
Maximum -9.335 70.518 117.360 3596.6 
Minimum -7.893 70.157 106.539 3588.9 
Mean -8.474 70.356 112.374 3592.8 
Median  -8.476 70.360 112.632 3592.9 




























Figure 86. Plot of data from second run at 100 psi. 
 
The first set of data was taken at approximately 150 psi for each respective speed. The maximum standard 
deviation for the torque reading occurred for a shaft speed of 2500 RPM, and was quite significant. 
Examination of the chart below showing the variations in torque over time will highlight the sporadic data 
taken for the 2500 RPM shaft speed during this run. The raw data does not show any significant changes in 
seal chamber pressure that may have caused such a large variation in the measurement, and it is quite 
possible that much of this had to do with noise in the DAQ signal itself. The deviation for 1500 RPM was 
also rather large, as well, and this occurred just after before the 2500 RPM data collection. This may also 













































1518 RPM, 122.1 PSI 3593 RPM, 112.4 PSI 2527 RPM, 113.9 PSI
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150 psi, 1500 RPM 
Maximum -14.155 72.608 157.353 1518.4 
Minimum -10.827 72.353 148.879 1510.5 
Mean -12.652 72.482 152.975 1513.4 
Median  -12.685 72.487 152.341 1513.5 
Standard Deviation 0.569 0.059 2.410 1.2 
150 psi, 2500 RPM  
Maximum -13.723 72.211 157.229 2529.6 
Minimum -6.981 71.991 153.271 2522.4 
Mean -9.772 72.112 155.218 2525.9 
Median  -9.785 72.116 155.205 2525.8 
Standard Deviation 1.440 0.049 0.807 1.3 
150 psi, 3600 RPM  
Maximum -10.577 72.413 151.715 3597.5 
Minimum -9.451 72.051 147.161 3587.2 
Mean -9.962 72.233 148.845 3592.6 
Median  -9.959 72.236 148.901 3592.6 
Standard Deviation 0.184 0.083 0.832 1.5 
	
	






























1513 RPM, 153 PSI 2526 RPM, 155.2 PSI 3593 RPM, 148.8 PSI
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The first set of data was taken at approximately 200 psi for each respective speed. The maximum standard 
deviation for the torque reading occurred for a shaft speed of 1500 RPM. Interestingly enough, the deviation 
for the shaft speed of 2500 RPM was below 0.25 in-lb, while the deviation for 3600 RPM was larger at 0.50 
in-lb. It is unclear what may have caused the data to vary so drastically.  
 















200 psi, 1500 RPM  
Minimum  -14.918 74.623 198.014 1517.9 
Maximum -9.169 74.485 196.207 1508.6 
Mean -12.295 74.539 197.214 1513.4 
Median  -12.291 74.536 197.244 1513.3 
Standard Deviation 1.087 0.028 0.372 1.4 
200 psi, 2500 RPM  
Minimum  -10.390 73.914 197.346 2478.4 
Maximum -9.054 73.595 192.482 2469.4 
Mean -9.742 73.778 194.919 2474.4 
Median  -9.744 73.789 194.967 2474.4 
Standard Deviation 0.217 0.071 0.864 1.4 
200 psi, 3600 RPM  
Minimum  -11.383 72.786 207.593 3599.4 
Maximum -9.391 72.564 201.169 3589.0 
Mean -10.368 72.687 204.563 3592.6 
Median  -10.392 72.684 204.653 3592.6 































1513 RPM, 197.2 PSI 2474 RPM, 194.9 PSI 3593 RPM, 204.6 PSI
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The data was plotted together on charts according to varying seal chamber pressure for each respective 
shaft speed. Interesting to note is how much more smooth the data becomes at 3600 RPM (Figure 83) The 
forces in the system at this speed are more stable, and the torque is more predictable. The chart for 1500 
RPM is interesting at 50 psi. The low speed and pressure cause a very low torque when compared to the 
other pressure values. This data also appears to be more stable than the other data at this shaft speed. As 
stated above, the critical speed of the system is around 2500 RPM. The chart showing this shaft speed 
indicates large variation in data due to the less stable nature of the components during the testing at 150 
psi.  
	
Figure 89. Summary of torque output from all runs at approximately 1500 RPM. 
	
	






























Time (min)1496 RPM, 50.8 PSI 1513 RPM, 116.4 PSI
























2423 RPM, 46.3 PSI 2526 RPM, 113.9 PSI
2526 RPM, 155.2 PSI 2474 RPM, 194.9 PSI
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3593 RPM, 43.6 PSI 3593 RPM, 112.4 PSI




In the beginning of this project, we were given a set of engineering requirements that our system had to 
achieve. This list is labeled as Table 1 in Introduction. The table below is a copy of those engineering 
requirements, but with results for each parameter if they were found to be in compliance. 	
	
	
Table 27. Original engineering requirements with system results 
Specification Parameter Description Requirement or Target Result 
1 Housing Pressure Rated 200 psig 
Rated for 1,077. Tested up to 250 
psig 
2 Shaft Operation Variable speed up to 3600 rpm Tested at speeds at 1500, 2500, 3600 rpm from LabVIEW 
3 Temperature Working fluid temp 70-200°F Sight glass rated up to 573ºF. Tested at 70ºF 
4 Data Collection DAQ with LabVIEW Test successful. See Appendix J for results 
5 DAQ Resolution of 0.025 in-lbs; accuracy of 0.25 in-lbs 
Met; see Further Work. Results 
can be found in Appendix J 
6 Auxiliary Measurement Collection of escaped fluid 
Collects leaked fluid and output 
is sent to the DAQ. See 
Appendix I3 for test data. 
7 Safety Meet or exceed Flowserve’s safety standards 
See Chapter 4 for applicable 
standards met 
8 Assembly Design for easy assembly 
Assembly for testing took one 
hour. An hour less than previous 
system 
Specification Parameter Description Requirement or Target Result 
9 Compatibility Connect with current support system 
Compatible with Flowserve's 
existing LabVIEW 
10 Cost Budget of $10,000 Exceeded budget. See Cost Breakdown Table 20 
11 Set-up Time Comparable to existing system Total time is 1 hour, half the time for existing system 
12 Camera Inclusion of EnviroCam Excluded from this project. Able to include in later modifications. 
13 Transport Able to move with ease Table is mobile. 
14 Test Conditions Working fluid is water Tested with water at 70ºF and 250 psig 
15 Visual Inspection View seal interface 
Can see seal interface axially 





We have determined as a team of engineers that the project specifications have been met with integrity. The 
method of torque measurement achieves the desired accuracy and resolution requirements set forth in the 
project proposal. The system includes a pressure vessel that is able to contain the desired pressure and 
temperature as well. The overall system can be operated at the variable shaft speeds from up to 3600 RPM, 
at varying pressure levels.  
 
There are several recommendations for improvement of the system in order to further reduce hysteresis and 
improve accuracy in the torque reading. First is a more permanent table for the system to be mounted on, 
along with the digital telemetry components. This would increase stiffness and reduce vibration when the 
critical speed is reached, ultimately reducing noise in data collected. Further investigation into the critical 
speed of the system will also enhance data collection.  
 
Second is a more precise calibration testing apparatus: the one utilized for verification of an acceptable 
output range of the torque collar based upon the data supplied by ATI served its simple purpose; however, 
if it were to be used in the future, several modifications must be made. First and foremost is more precise 
machining and assembly of the components. The current state of the apparatus is a product of tooling and 
materials that were available to the students at Cal Poly. In order to produce accurate results in the calibration 
of the digital telemetry system, the apparatus should be positioned using a level. This will ensure that all 
components exist at 90 degree angles to one another and that the sting suspended from the pulley is 
perpendicular to the bar attached to the shaft. The bar itself should be machined with tighter tolerances in 
order to create a more perfect couple. Attaching calibrated weights to permanent cables on the bar would 
also improve the couple. 
 
Third is to reduce the noise in the torque measurement reading. The antenna is currently fastened to the 
bearing housing, placing it close to a lot of metal material that seems to interfere with the signal being 
transmitted from the telemetry collar to the antenna. It is possible to send the coupling and telemetry to ATI 
in order to turn the collar around and place the antenna further from the bearing housing. A more simple 
option could be to add rubber facing to the side of the bearing housing, creating a barrier that will absorb 
noise from the bearings. Another source of noise is in the wiring from the transmitter to the DAQ system. 
Including more ground connections as well as investigating signal conditioning with improve the accuracy 
of the reading output at the DAQ.  
 
The recommendations listed above will help to move the project forward at Flowserve’s Temecula site. With 
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Appendix A1:  
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Appendix B2:  
Testing Components, 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































   
   
































































































































































































































































































































































































































































































































































































































































































   























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































   
   





   
   









































































































































































































































































































































































































































































































































































































































































































































































































































   
Appendix D:  
Leakage Detection System, 
Purchased Components 
Part Name Manufacturer Item No./UPC Source
iBalance 601 Digital Scale MyWeigh SCMiM01 DigitalScalesAZ
1/4" Electric Solenoid Valve US Solid 853996003285 US Solid
1/4 NPT x 1/4 NPT HDPE Nipple Thogus Products 62075 US Plastic
Optical Sensor Honeywell Sensing and Controls LLE101000  Newark.com
RS232 to USB Cable Sabrent CB‐FTDI Amazon.com
Hose Fittings Dixon Valve and Coupling 40141734 Amazon.com
Anti‐Vibration Pads Ideaworks JB6368 S/4 Amazon.com































Appendix E1:  
Torque Coupling Analysis 
Project 
Author John Davis 
Subject Torque Coupling Strain Analysis 
Prepared for Cal Poly SEALS Team 
First Saved Monday, June 23, 2014 
Last Saved Tuesday, October 07, 2014 
Product Version 15.0 Release 
Save Project Before Solution No 









 Contact Regions 
o Mesh
 Body Sizing 
o Static Structural (B5)
 Analysis Settings 
 Loads 
 Solution (B6) 







Unit System U.S. Customary (in, lbm, lbf, s, V, A) Degrees rad/s Fahrenheit 
Angle Degrees 





Model (B4) > Geometry 
Object Name Geometry 
State Fully Defined 
Definition 
Source C:\Users\jodavis\Documents\Vaults2012\FSDEngineering\Designs\Seal Jobs\1343-035\torquecoupling_RevC.iam 
Type Inventor 
Length Unit Centimeters 
Element Control Program Controlled 
Display Style Body Color 
Bounding Box 
Length X 5.625 in 
Length Y 3.6552 in 
Length Z 3.6552 in 
Properties 
Volume 7.6403 in³ 
Mass 2.092 lbm 
Scale Factor Value 1. 
Statistics 
Bodies 6 
Active Bodies 6 
Nodes 576980 
Elements 389950 
Mesh Metric None 
Basic Geometry Options 
Solid Bodies Yes 
Surface Bodies Yes 
Line Bodies No 
Parameters Yes 
Parameter Key DS 
Attributes No 
Named Selections No 
Material Properties No 
Advanced Geometry Options 




Saves Updated File No 
Use Instances Yes 
Smart CAD Update No 
Compare Parts On 
Update No 
Attach File Via 
Temp File Yes 
Temporary 
Directory C:\Users\jodavis\AppData\Local\Temp 




















Strainbar_RevC:1 Strainbar_RevC:2 Strainbar_RevC:3 Strainbar_RevC:4 










System Default Coordinate System 
Reference 
Temperature By Environment 
Material 




Strain Effects Yes 
Bounding Box 
Length X 3.25 in 0.625 in 2.75 in 
Length Y 3.6552 in 0.5 in 0.1875 in 0.5 in 0.1875 in 
Length Z 3.6552 in 0.1875 in 0.5 in 0.1875 in 0.5 in 
Properties 
Volume 4.8748 in³ 
2.1243 
in³ 0.1603 in³ 
Mass 1.3825 lbm 
0.60245 
lbm 2.6756e-002 lbm 
Centroid X 1.3022 in 
-2.0179 
in -0.87498 in 




1.5321 in 1.3355e-010 in -1.5321 in -1.3355e-010 in 
Centroid Z 2.1182e-004 in 
6.1471e-




































Nodes 6579 2431 141992 141905 141928 142145 
Elements 3392 1287 96313 96250 96285 96423 
Mesh Metric None 
Coordinate Systems 
TABLE 4 
Model (B4) > Coordinate Systems > Coordinate System 
Object Name Global Coordinate System 
State Fully Defined 
Definition 
Type Cartesian 
Coordinate System ID 0.  
Origin 
Origin X 0. in 
Origin Y 0. in 
Origin Z 0. in 
Directional Vectors 
X Axis Data [ 1. 0. 0. ] 
Y Axis Data [ 0. 1. 0. ] 
Z Axis Data [ 0. 0. 1. ] 
Connections 
TABLE 5 
Model (B4) > Connections 
Object Name Connections 
State Fully Defined 
Auto Detection 




Model (B4) > Connections > Contacts 
Object Name Contacts 
State Fully Defined 
Definition 
Connection Type Contact 
Scope 
Scoping Method Geometry Selection 
Geometry All Bodies 
Auto Detection 
Tolerance Type Slider 
Tolerance Slider 0. 
Tolerance Value 1.9099e-002 in 




Priority Include All 
Group By Bodies 
Search Across Bodies 
TABLE 7 
Model (B4) > Connections > Contacts > Contact Regions 
Bonded - Bonded - Bonded - Bonded - Bonded - Bonded - Bonded - 
Coupling Hub 


































Coupling Hub Drive Shaft Rev A:1 Coupling Hub Driven Shaft Rev A:1 


















Model (B4) > Connections > Contacts > Bonded - Coupling Hub Drive Shaft Rev A:1 To 
Strainbar_RevC:1 > Figure 
Bonded contact assumption 
FIGURE 2 
Model (B4) > Connections > Contacts > Bonded - Coupling Hub Driven Shaft Rev A:1 To 
Strainbar_RevC:1 > Figure 
Bonded contact assumption 
 Mesh 
TABLE 8 
Model (B4) > Mesh 
Object Name Mesh 
State Solved 
Defaults 
Physics Preference Mechanical 
Relevance 0 
Sizing 
Use Advanced Size Function Off 
Relevance Center Coarse 
Element Size Default 
Initial Size Seed Active Assembly 
Smoothing Medium 
Transition Fast 
Span Angle Center Coarse 
Minimum Edge Length 7.0711e-003 in 
Inflation 
Use Automatic Inflation None 
Inflation Option Smooth Transition 
Transition Ratio 0.272 
Maximum Layers 5 
Growth Rate 1.2 
Inflation Algorithm Pre 
View Advanced Options No 
Patch Conforming Options 
Triangle Surface Mesher Program Controlled 
Patch Independent Options 
Topology Checking Yes 
Advanced 
Number of CPUs for Parallel Part Meshing Program Controlled 
Shape Checking Standard Mechanical 
Element Midside Nodes Program Controlled 
Straight Sided Elements No 
Number of Retries Default (4) 
Extra Retries For Assembly Yes 
Rigid Body Behavior Dimensionally Reduced 
Mesh Morphing Disabled 
Defeaturing 
Pinch Tolerance Please Define 
Generate Pinch on Refresh No 
Automatic Mesh Based Defeaturing On 




Mesh Metric None 
TABLE 9 
Model (B4) > Mesh > Mesh Controls 
Object Name Body Sizing 
State Fully Defined 
Scope 
Scoping Method Geometry Selection 
Geometry 4 Bodies 
Definition 
Suppressed No 
Type Element Size 
Element Size 2.5e-002 in 
Behavior Soft 
FIGURE 3 
Model (B4) > Mesh > Figure 
Mesh overview 
Static Structural (B5) 
TABLE 10 
Model (B4) > Analysis 
Object Name Static Structural (B5) 
State Solved 
Definition 
Physics Type Structural 
Analysis Type Static Structural 
Solver Target Mechanical APDL 
Options 
Environment Temperature 71.6 °F 
Generate Input Only No 
TABLE 11 
Model (B4) > Static Structural (B5) > Analysis Settings 
Object Name Analysis Settings 
State Fully Defined 
Step Controls 
Number Of Steps 1. 
Current Step Number 1. 
Step End Time 1. s 
Auto Time Stepping Program Controlled 
Solver Controls 
Solver Type Program Controlled 
Weak Springs Program Controlled 
Large Deflection Off 
Inertia Relief Off 
Restart Controls 
Generate Restart 
Points Program Controlled 




Option Program Controlled 
Force Convergence Program Controlled 
Moment Convergence Program Controlled 
Displacement 
Convergence Program Controlled 
Rotation Convergence Program Controlled 





Nodal Forces No 
Contact Miscellaneous No 
General Miscellaneous No 
Store Results At All Time Points 
Analysis Data Management 
Solver Files Directory C:\Users\jodavis\Documents\Ansys Analysis\1343-035\torquecoupling_RevC_files\dp0\SYS\MECH\ 
Future Analysis None 
Scratch Solver Files 
Directory  
Save MAPDL db No 
Delete Unneeded Files Yes 
Nonlinear Solution No 
Solver Units Active System 
Solver Unit System Bin 
TABLE 12 
Model (B4) > Static Structural (B5) > Loads 
Object Name Fixed Support Cylindrical Support Moment 
State Fully Defined 
Scope 
Scoping Method Geometry Selection 
Geometry 1 Face 
Definition 





Define By Vector 




Pinball Region All 
FIGURE 4 
Model (B4) > Static Structural (B5) > Fixed Support > Figure 
Fixed support BC 
FIGURE 5 
Model (B4) > Static Structural (B5) > Cylindrical Support > Figure 
Cyl support BC 
FIGURE 6 
Model (B4) > Static Structural (B5) > Moment 
 FIGURE 7 
Model (B4) > Static Structural (B5) > Moment > Figure 
Applied torque BC 50 in-lbs max 
Solution (B6) 
TABLE 13 
Model (B4) > Static Structural (B5) > Solution 
Object Name Solution (B6) 
State Solved 
Adaptive Mesh Refinement 
Max Refinement Loops 1. 




Model (B4) > Static Structural (B5) > Solution (B6) > Solution Information 
Object Name Solution Information 
State Solved 
Solution Information 
Solution Output Solver Output 
Newton-Raphson Residuals 0 
Update Interval 2.5 s 
Display Points All 
FE Connection Visibility 
Activate Visibility Yes 
Display All FE Connectors 
Draw Connections Attached To All Nodes 
Line Color Connection Type 
Visible on Results No 
Line Thickness Single 
Display Type Lines 
TABLE 15 
Model (B4) > Static Structural (B5) > Solution (B6) > Results 
Object Name Equivalent Elastic Strain Maximum Principal Stress Equivalent Stress 
State Solved 
Scope 
Scoping Method Geometry Selection 
Geometry All Bodies 
Definition 









Integration Point Results 




Minimum 1.5205e-015 in/in -2628.4 psi 9.5482e-009 psi 
Maximum 3.1696e-003 in/in 53968 psi 52261 psi 
Minimum Occurs 
On 
Coupling Hub Drive Shaft 
Rev A:1 Strainbar_RevC:4 
Coupling Hub Drive Shaft 
Rev A:1 
Maximum Occurs 
On Strainbar_RevC:2 Strainbar_RevC:3 Strainbar_RevC:2 
Minimum Value Over Time 
Minimum 1.5205e-015 in/in -2628.4 psi 9.5482e-009 psi 
Maximum 1.5205e-015 in/in -2628.4 psi 9.5482e-009 psi 
Maximum Value Over Time 
Minimum 3.1696e-003 in/in 53968 psi 52261 psi 
Maximum 3.1696e-003 in/in 53968 psi 52261 psi 
Information 
Time 1. s
Load Step 1 
Substep 1 
Iteration Number 1 
FIGURE 8 
Model (B4) > Static Structural (B5) > Solution (B6) > Equivalent Elastic Strain > Image 
FIGURE 9 
Model (B4) > Static Structural (B5) > Solution (B6) > Equivalent Elastic Strain > Figure 
Equiv elastic strain 50 in-lbs applied torque 
 FIGURE 10 
Model (B4) > Static Structural (B5) > Solution (B6) > Maximum Principal Stress > Figure 
Max principle stress 50 in-lbs applied torque 
FIGURE 11 
Model (B4) > Static Structural (B5) > Solution (B6) > Equivalent Stress > Figure 




Structural Steel > Constants 
Density 0.2836 lbm in^-3 
Coefficient of Thermal Expansion 6.6667e-006 F^-1 
Specific Heat 0.10366 BTU lbm^-1 F^-1 
Thermal Conductivity 8.0917e-004 BTU s^-1 in^-1 F^-1 
Resistivity 8.5235 ohm cmil in^-1 
TABLE 17 
Structural Steel > Compressive Ultimate Strength 
Compressive Ultimate Strength psi 
0 
TABLE 18 
Structural Steel > Compressive Yield Strength 
Compressive Yield Strength psi 
36259 
TABLE 19 
Structural Steel > Tensile Yield Strength 
Tensile Yield Strength psi 
36259 
TABLE 20 
Structural Steel > Tensile Ultimate Strength 
Tensile Ultimate Strength psi 
66717 
TABLE 21 
Structural Steel > Isotropic Secant Coefficient of Thermal Expansion 
Reference Temperature F 
71.6 
TABLE 22 
Structural Steel > Alternating Stress Mean Stress 
Alternating Stress psi Cycles Mean Stress psi 
5.8001e+005 10 0 
4.1002e+005 20 0 
2.7499e+005 50 0 
2.0494e+005 100 0 
1.5505e+005 200 0 
63962 2000 0 
38000 10000 0 
31038 20000 0 
20015 1.e+005 0 
16534 2.e+005 0 
12502 1.e+006 0 
TABLE 23 













1.3343e+005 -0.106 0.213 -0.47 1.4504e+005 0.2 
TABLE 24 
Structural Steel > Isotropic Elasticity 
Temperature F Young's Modulus psi Poisson's Ratio Bulk Modulus psi Shear Modulus psi 
 2.9008e+007 0.3 2.4173e+007 1.1157e+007 
TABLE 25 





Titanium Alloy > Constants 
Density 0.16691 lbm in^-3 
Coefficient of Thermal Expansion 5.2222e-006 F^-1 
Specific Heat 0.12468 BTU lbm^-1 F^-1 
Thermal Conductivity 2.9291e-004 BTU s^-1 in^-1 F^-1 
Resistivity 85.235 ohm cmil in^-1 
TABLE 27 
Titanium Alloy > Compressive Ultimate Strength 
Compressive Ultimate Strength psi 
0 
TABLE 28 
Titanium Alloy > Compressive Yield Strength 
Compressive Yield Strength psi 
1.3489e+005 
TABLE 29 
Titanium Alloy > Tensile Yield Strength 
Tensile Yield Strength psi 
1.3489e+005 
TABLE 30 
Titanium Alloy > Tensile Ultimate Strength 
Tensile Ultimate Strength psi 
1.5519e+005 
TABLE 31 
Titanium Alloy > Isotropic Secant Coefficient of Thermal Expansion 
Reference Temperature F 
71.6 
TABLE 32 
Titanium Alloy > Isotropic Elasticity 
Temperature F Young's Modulus psi Poisson's Ratio Bulk Modulus psi Shear Modulus psi 
 1.65e+007 0.342 1.7405e+007 6.1475e+006 
TABLE 33 
Titanium Alloy > Isotropic Relative Permeability 
Relative Permeability 
1 
Appendix E2:  
Tester Support Analysis 
Project
Author John Davis
Subject Tester Support Deformation Analysis
Prepared for Cal Poly SEALS Team
First Saved Tuesday, July 22, 2014
Last Saved Tuesday, October 07, 2014
Product Version 15.0 Release
Save Project Before Solution No
Save Project After Solution No
Contents 
x Units 
x Model (B4) 
o Geometry 
 Parts 
o Coordinate Systems 
o Connections 
 Contacts 
 Contact Regions 
 Contact Regions 
o Mesh 
o Static Structural (B5) 
 Analysis Settings 
 Loads 
 Solution (B6) 
 Solution Information 
 Results 
x Material Data 
o Structural Steel 
Units 
TABLE 1 
Unit System U.S. Customary (in, lbm, lbf, s, V, A) Degrees rad/s Fahrenheit 
Angle Degrees 





Model (B4) > Geometry 
Object Name Geometry 
State Fully Defined 
Definition 
Source C:\Users\jodavis\Documents\Vaults2012\FSDEngineering\Designs\Seal Jobs\1343-035\SealHousingRevD_Ansys.iam 
Type Inventor 
Length Unit Centimeters 
Element Control Program Controlled 
Display Style Body Color 
Bounding Box 
Length X 36. in 
Length Y 11.878 in 
Length Z 18. in 
Properties 
Volume 726.94 in³ 
Mass 206.16 lbm 
Scale Factor Value 1. 
Statistics 
Bodies 21 
Active Bodies 21 
Nodes 142047 
Elements 71869 
Mesh Metric None 
Basic Geometry Options 
Solid Bodies Yes 
Surface Bodies Yes 
Line Bodies No 
Parameters Yes 
Parameter Key DS 
Attributes No 
Named Selections No 
Material Properties No 
Advanced Geometry Options 







Use Instances Yes 
Smart CAD 
Update No 
Compare Parts On 
Update No 
Attach File Via 
Temp File Yes 
Temporary 
Directory C:\Users\jodavis\AppData\Local\Temp 

















































































in 2.5 in 3.188 in
9.0915 





















































































































































































Nodes 1395 666 188 181 27246 35729 27331 27361 3727 3588 1133 
Eleme

























































Length X 3. in 5. in 3. in 5. in 36. in 0.375 in 2.5 in 
Length Y 4. in 0.5 in 0.75 in 4. in 0.5 in 10.608 in 0.5 in 3.5 in 
Length Z 3. in 5. in 3. in 5. in 18. in 6.46 in 0.375 in 
Properties 































lbm 0.46528 lbm 
Centroid 






















in -7.1281 in -5.7114 in 
Centroid 
Z 5.75 in 
-5.7435 

















































































lbm·in² 0.4782 lbm·in² 
Statistics 
Nodes 1525 701 1155 1525 759 5379 1388 682 207 181 





Model (B4) > Coordinate Systems > Coordinate System 
Object Name Global Coordinate System 
State Fully Defined 
Definition 
Type Cartesian 
Coordinate System ID 0.  
Origin 
Origin X 0. in
Origin Y 0. in
Origin Z 0. in
Directional Vectors
X Axis Data [ 1. 0. 0. ]
Y Axis Data [ 0. 1. 0. ]
Z Axis Data [ 0. 0. 1. ]
Connections 
TABLE 6 








Model (B4) > Connections > Contacts 





































































































































































































































Model (B4) > Connections > Contacts 2 > Contact Regions 
Object Name Bonded - Multiple To Multiple 
Bonded - Multiple 
To Multiple 
Bonded - Multiple 
To Multiple 
Bonded - PrimaryGland:1 
To Multiple 
State Fully Defined 
Scope 
Scoping Method Geometry Selection 
Contact 2 Faces 
Target 2 Faces 
Contact Bodies Multiple PrimaryGland:1 
Target Bodies Multiple 
Definition 
Type Bonded 
Scope Mode Manual 
Behavior Program Controlled 
Trim Contact Program Controlled 
Suppressed No 
Advanced 
Formulation Program Controlled 
Detection Method Program Controlled 
Penetration 
Tolerance Program Controlled 
Elastic Slip 
Tolerance Program Controlled 
Normal Stiffness Program Controlled 
Update Stiffness Program Controlled 






Model (B4) > Mesh 
Object Name Mesh 
State Solved 
Defaults 
Physics Preference Mechanical 
Relevance 0 
Sizing 
Use Advanced Size Function Off 
Relevance Center Coarse 
Element Size Default 
Initial Size Seed Active Assembly 
Smoothing Medium 
Transition Fast 
Span Angle Center Coarse 
Minimum Edge Length 7.3246e-002 in 
Inflation 
Use Automatic Inflation None 
Inflation Option Smooth Transition 
Transition Ratio 0.272 
Maximum Layers 5 
Growth Rate 1.2 
Inflation Algorithm Pre 
View Advanced Options No 
Patch Conforming Options 
Triangle Surface Mesher Program Controlled 
Patch Independent Options 
Topology Checking Yes 
Advanced 
Number of CPUs for Parallel Part Meshing Program Controlled 
Shape Checking Standard Mechanical 
Element Midside Nodes Program Controlled 
Straight Sided Elements No 
Number of Retries Default (4) 
Extra Retries For Assembly Yes 
Rigid Body Behavior Dimensionally Reduced 
Mesh Morphing Disabled 
Defeaturing 
Pinch Tolerance Please Define 
Generate Pinch on Refresh No 
Automatic Mesh Based Defeaturing On 




Mesh Metric None 
Static Structural (B5) 
TABLE 11 
Model (B4) > Analysis 
Object Name Static Structural (B5) 
State Solved 
Definition 
Physics Type Structural 
Analysis Type Static Structural 
Solver Target Mechanical APDL 
Options 
Environment Temperature 71.6 °F 
Generate Input Only No 
TABLE 12 
Model (B4) > Static Structural (B5) > Analysis Settings 
Object Name Analysis Settings 
State Fully Defined 
Step Controls 
Number Of Steps 1. 
Current Step Number 1. 
Step End Time 1. s 
Auto Time Stepping Program Controlled 
Solver Controls 
Solver Type Program Controlled 
Weak Springs Program Controlled 
Large Deflection Off 
Inertia Relief Off 
Restart Controls 
Generate Restart Points Program Controlled 
Retain Files After Full 
Solve No 
Nonlinear Controls 
Newton-Raphson Option Program Controlled 
Force Convergence Program Controlled 
Moment Convergence Program Controlled 
Displacement 
Convergence Program Controlled 
Rotation Convergence Program Controlled 





Nodal Forces No 
Contact Miscellaneous No 
General Miscellaneous No 
Store Results At All Time Points 
Analysis Data Management 
Solver Files Directory C:\Users\jodavis\Documents\Ansys Analysis\1343-035\SupportStress_files\dp0\SYS\MECH\ 
Future Analysis None
Scratch Solver Files 
Directory
Save MAPDL db No
Delete Unneeded Files Yes
Nonlinear Solution No
Solver Units Active System
Solver Unit System Bin
TABLE 13 
Model (B4) > Static Structural (B5) > Loads 
Object Name Force Fixed Support Force 2
State Fully Defined
Scope
Scoping Method Geometry Selection
Geometry 1 Face
Definition
Type Force Fixed Support Force
Define By Vector Vector




Model (B4) > Static Structural (B5) > Force 
FIGURE 2 
Model (B4) > Static Structural (B5) > Force > Figure 
Hydraulic force acting on angular contact bearings 
 
FIGURE 3 
Model (B4) > Static Structural (B5) > Force 2 
 FIGURE 4 
Model (B4) > Static Structural (B5) > Force 2 > Figure 
Hydraulic force acting on front tester gland 
Solution (B6) 
TABLE 14 
Model (B4) > Static Structural (B5) > Solution 
Object Name Solution (B6)
State Solved
Adaptive Mesh Refinement





Model (B4) > Static Structural (B5) > Solution (B6) > Solution Information 
Object Name Solution Information
State Solved
Solution Information
Solution Output Solver Output
Newton-Raphson Residuals 0
Update Interval 2.5 s 
Display Points All 
FE Connection Visibility 
Activate Visibility Yes 
Display All FE Connectors 
Draw Connections Attached To All Nodes 
Line Color Connection Type 
Visible on Results No 
Line Thickness Single 
Display Type Lines 
TABLE 16 
Model (B4) > Static Structural (B5) > Solution (B6) > Results 







Scoping Method Geometry Selection 
Geometry All Bodies 8 Bodies 
Definition 









Orientation   X Axis 
Coordinate 




Minimum 0. in 7.0432e-006 psi 2.3817 psi -1.1355e-003 in 
Maximum 3.3276e-003 in 11972 psi 4518.9 psi 1.2618e-004 in 
Minimum Occurs 




MotorSide:1 HsgPlate:1 HsgPlate:1 (2) 
Minimum Value Over Time 
Minimum 0. in 7.0432e-006 psi 2.3817 psi -1.1355e-003 in 
Maximum 0. in 7.0432e-006 psi 2.3817 psi -1.1355e-003 in 
Maximum Value Over Time 
Minimum 3.3276e-003 in 11972 psi 4518.9 psi 1.2618e-004 in 
Maximum 3.3276e-003 in 11972 psi 4518.9 psi 1.2618e-004 in 
Information 
Time 1. s 
Load Step 1 
Substep 1 
Iteration Number 1 
Integration Point Results 
Display Option   Averaged   
Average Across 
Bodies   No   
FIGURE 5 
Model (B4) > Static Structural (B5) > Solution (B6) > Total Deformation > Figure 
Maximum deformation due to hydraulic load of 1600 lbs force. 
 
FIGURE 6 
Model (B4) > Static Structural (B5) > Solution (B6) > Equivalent Stress > Figure 
Von Mises stress due to 1600 lb force hydraulic load. 
FIGURE 7 
Model (B4) > Static Structural (B5) > Solution (B6) > Equivalent Stress 2 > Figure 
Von Mises bearing bracket stress due to 1600 lb force hydraulic load. 
FIGURE 8 
Model (B4) > Static Structural (B5) > Solution (B6) > Directional Deformation > Figure 
Bearing bracket axial deformation 
 Material Data  
Structural Steel 
TABLE 17 
Structural Steel > Constants 
Density 0.2836 lbm in^-3 
Coefficient of Thermal Expansion 6.6667e-006 F^-1 
Specific Heat 0.10366 BTU lbm^-1 F^-1 
Thermal Conductivity 8.0917e-004 BTU s^-1 in^-1 F^-1 
Resistivity 8.5235 ohm cmil in^-1 
TABLE 18 
Structural Steel > Compressive Ultimate Strength 
Compressive Ultimate Strength psi 
0 
TABLE 19 
Structural Steel > Compressive Yield Strength 
Compressive Yield Strength psi
36259
TABLE 20 
Structural Steel > Tensile Yield Strength 
Tensile Yield Strength psi
36259
TABLE 21 
Structural Steel > Tensile Ultimate Strength 
Tensile Ultimate Strength psi
66717
TABLE 22 




Structural Steel > Alternating Stress Mean Stress 



























1.3343e+005 -0.106 0.213 -0.47 1.4504e+005 0.2
TABLE 25 
Structural Steel > Isotropic Elasticity 
Temperature F Young's Modulus psi Poisson's Ratio Bulk Modulus psi Shear Modulus psi
2.9008e+007 0.3 2.4173e+007 1.1157e+007
TABLE 26 
Structural Steel > Isotropic Relative Permeability 
Relative Permeability 
10000
Appendix E3:  
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Appendix G1:  
System Operation Manual 
Operations Manual 
The following serves as a guide for general assembly and disassembly of the 
torque test system. It does not provide any information regarding seal face 
technology. For maintenance and repair information, please reference the 
Maintenance and Repair section of the report. 
Assembly
The picture at right is an end view of the 
system. The secondary gland and pressure 
vessel end cap is removed and the internal 
system is empty. The seal shaft is in the 
center of the pressure vessel and has eight 
allen wrench head screws around the 
perimeter and has one central screw. After 
ensuring that the cavity is rid of all dust and 
particulates using a clean cloth, place the 
seal assembly on the seal shaft. Insert the 
retaining washer. 
Lubricate the o-rings 
and insert before inserting the stationary face assembly. 
Ensure that the proper spring is used per Flowserve’s 
proprietary testing procedures. Next, lubricate all o-rings 
associated with the rotor assembly, tightening the set-
screw from the rotating face to the seal shaft. Insert the 
rotor sleeve to complete the mechanical seal assembly. 
Tighten all socket head cap screws.  
Before fastening the secondary 
gland to the primary gland, 
lubricate all pertinent o-rings. 
Ensure that the sight glass 
screws are tight on the 
secondary gland. After 
checking the sight glass, place the secondary gland 
on the end of the vessel, lining up the six perimeter 
screws with the six holes in the primary gland. Two 
technicians should participate in this step to ensure 
the safety of the pressure vessel. Tighten these 
screws.  
After the pressure vessel is tightly secured, attach 
the pressure relief system, which is also the water 
exit, to the exit located on top of the primary gland, 
as seen in Figure G3. During the testing phase, the 















exceeded 220 psig. However, this should be verified before any seal testing 
procedure begins. Connect the support system. This entails press fitting a tube to 
the inlet port on the bottom of the primary gland. An exit line will be connected to 
the outlet with the pressure relief mechanism. (This report was completed before 
Flowserve designated a support system for this tester. It is up to Flowserve’s 
discretion which support system to connect to the tester.)  
Operation
The scope of this project did not deal with the DAQ 
system or operation of the tester. LabVIEW will still 
be the operating software for this new system. It will 
control the pressure and the motor RPM to simulate 
different environments for the mechanical seals. 
Consult Flowserve’s existing material on operating 
procedures for more information.  
Disassembly 
Before disassembling, make sure all electrical power to the system is turned off. 
Drain all the water from the vessel using the bleed line on the outlet. Make sure 
there is a clean, level work-space for the technicians to place the system 
components on during assembly. Disconnect the tester from the support system 
inlets and outlets, and the leakage system port. Two technicians should take the 
secondary gland off and gently place it on a clean surface. Carefully remove all 
the components mentioned in the Assembly portion of this manual. Clean all 
components with an industrial safe wipe.  
Appendix G2:  
Safety Considerations 
Safety Considerations 
As mentioned throughout the design section of this document, the new tester has 
been designed to comply with all applicable industrial and professional 
standards. This section discusses safety considerations for all who interact with 
the tester, as well as the safety of the system components. 
This system operates with water with conditions up to 200º F and 200 psig from a 
support system. If the tester is properly connected to the support system (see 
operations manual) there should be no safety concerns. However, a loose 
connection at the inlet and outlet lines could result in hot, pressurized water 
causing injury to the user. One must also take care when disassembling the 
system. Heavy components such as the pressure vessel end cap could cause 
bodily injury if not held properly during disassembly. During testing, it is important 
to slowly ramp up the pressure after assembling the system with a seal 
configuration. During initial testing, the vessel was pressurized to 250 psig to test 
for failure. There was no failure, nor any damage to the system. However, we 
advise that the system is initially pressurized with all technicians and engineers 
out of the testing room, in case the vessel end cap was not securely fastened.  
During the testing phase of this project, we had the opportunity to operate the 
system in Flowserve’s facility. Given the weight of the system, extreme caution 
must be taken whenever the system is moved using the mobile table. While we 
realized through physical simulation that the table cannot be lifted or tipped from 
exertion by the average human at the top level of the table, there is a possibility 
that the table could tip if it is moved across an even surface. Therefore, we 
advise to only transport this table across surfaces with less than or equal to a 10º 
grade. To protect the integrity of the sight glass of the pressure vessel, it is 
advised that two technicians assist in the assembly and disassembly. While 
disassembling, all parts should be placed on a level, clean surface so that parts 
remain clean and safe. This is essential to maintain the sealing effect within the 
pressure vessel. All o-rings should be lubricated before being placed in their 
proper locations during assembly. The motor should be disconnected from 
electrical power during assembly and disassembly. One final safety consideration 
is also mentioned in further detail in the Further Recommendations section of this 
report, but it deals with operating at the systems natural frequency to prevent 
severe vibrations of the table. To prevent injury to technicians or damage to the 
components, it is important that all components be securely mounted to the table 
or one of its accompanying shelves.  
Appendix I1:  
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